PE has been explored for the manufacturing of flexible and stretchable electronic devices by printing functional inks containing soluble or dispersed materials, [14] [15] [16] which has enabled a wide variety of applications, such as transparent conductive films (TCFs), flexible energy harvesting and storage, thin film transistors (TFTs), electroluminescent devices, and wearable sensors. [17] [18] [19] [20] [21] [22] [23] [24] The global PE market should reach $26.6 billion by 2022 from $14.0 billion in 2017 at a compound annual growth rate of 13.6%. [25] PE devices are manufactured by a variety of printing technologies. Typical printing technologies can be divided into two broad categories: noncontact patterning (or nozzle-based patterning) and contact-based patterning. The noncontact techniques include inkjet printing, electrohydrodynamic (EHD) printing, aerosol jet printing, and slot die coating, while screen printing, gravure printing, and flexographic printing are examples of the contact techniques. Each of these techniques has its own advantages and disadvantages, but they all rely on the principle of transferring inks to a substrate. Understanding the characteristics and recent advances of each printing technique is important to further the progress in PE. Moreover, to promote the lab-scale printing technologies to large-scale production process, roll-toroll (R2R) printing, which is one of the manufacturing methods to obtain large-area films with low cost and excellent durability, has drawn much attention from both industry and the research community.
Introduction
Printed electronics (PE) refers to a type of electronics that are created by conventional printing technologies and has received tremendous attention in recent years. [1] [2] [3] [4] [5] The key advantages of PE include low-cost manufacturing with high throughput, compatibility with flexible systems (e.g., large-area electronics and hybrid system fabrication on flexible or stretchable substrates utilizing inorganic, organic, and bioinspired materials), and relative ease of integration. [6] [7] [8] [9] [10] [11] By contrast, silicon-based microfabrication technologies, such as photolithography and vacuum-based techniques (e.g., evaporation, sputtering, and chemical vapor deposition), typically require complicated usually thermal sintering, is required to obtain highly conductive patterns. To be compatible with common flexible and elastic substrates, alternative sintering methods are required to reduce the manufacturing costs and shorten the processing time. As such, the scope of this review is focused on the use of silver nanoparticles (AgNPs), silver nanowires (AgNWs), copper nanoparticles (CuNPs), copper nanowires (CuNWs), graphene, and CNTs including single-walled CNTs (SWNTs) and multiwalled CNTs (MWNTs) as the materials of choice for PE, with emphasis on their fabrication using different printing technologies and sintering techniques. As to be reviewed, the conductive nanomaterials can be widely used in the broad field of printable flexible and stretchable electronics. A brief historical road map, which focuses on printing conductive nanomaterials, is shown in Figure 1 . [6, 11, 14, 19, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] For the rest of this review, in Section 2, we describe the fundamental principles and recent advances of different types of printing techniques, including inkjet printing, electrohydrodynamic printing, aerosol jet printing, slot die coating, screen printing, gravure printing, flexographic printing, and R2R printing. Then, in Section 3, we introduce synthesis of metal-based nanomaterials and carbon nanomaterials and formulation of corresponding inks for various printing processes. In Section 4, we present development of depositing the inks using the aforementioned printing techniques. In Section 5, a number of post-printing treatment methods to convert the printed ink into conductive patterns are discussed. In Section 6, we discuss applications of conductive nanomaterials to fabricate functional devices. Research challenges, opportunities, and future developments in the field of printable flexible and stretchable electronics are discussed in the final section.
Printing Technology: Materials and Recent Development
Conductor, semiconductor, and dielectric have all been fabricated by printing. Conductor is an essential component for flexible and stretchable electronic devices; the earliest printed materials are mostly conductors. From the printing perspective, nanomaterials show particular promise as they can be dispersed in various solvents to form inks compatible with printing technologies while maintaining unique and desirable materials properties. Thus, conductive nanomaterials have been widely used for the development of flexible and stretchable electronics. In view of the vast existing literature on printing technologies, [45] [46] [47] this section will only give a brief introduction to the fundamentals of common printing technologies and focus on their recent development.
include accurate and rapid deposition of a broad range of functional materials in a large area at low cost, a possibility of depositing very small amount of the material (e.g., depositing picoliter droplets), and easy integration of different materials on the same substrate. [67, 69] Moreover, as a noncontact and maskless deposition technique, the contamination of the substrate is minimized. [51, 70] There are two major mechanisms by which inkjet printers generate droplets-continuous inkjet (CIJ) printing and dropon-demand (DOD) inkjet printing. [66, 71, 72] In the CIJ mode (Figure 2a) , pressurized ink is forced through a nozzle, and breaks up into uniform drops under the action of surface tension. The DOD mode, in turn, is characterized by smaller drop size and higher placement accuracy. In this mode, drops are ejected by a pressure pulse generated in a fluid-filled cavity behind the printing nozzle. The pressure pulse that drives drop formation can be generated either by a thermal pulse creating a vapor bubble (Figure 2b ) or by a piezoelectric actuator ( Figure 2c ). CIJ mode inkjet printers are now robust industrial tools and are widely used for high-speed graphical applications. However, they have been little used in materials science applications, due to potential contamination of the ink after recycling and more limited range of fluids that can be deposited. [71] This review thus focuses on applications of DOD inkjet printing in materials science.
In the printing process, to avoid the aggregation of components that would clog the print head nozzle, inks used for the fabrication of inkjet-printed functional materials should have properties that are equivalent to those of standard inkjet printer inks. [72] Particle size, viscosity, surface tension, and density of the ink play key roles in the formation and behavior of liquid jet and drops generated in a DOD printer. They can be characterized by a number of dimensionless groupings of physical constants, the most useful of which are the Reynolds (Re), Weber (We), and Ohnesorge (Oh) numbers νρ η = Re a (1)
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where ρ, η, and γ are the density, viscosity, and surface tension of the ink, respectively, ν is the velocity, and a is characteristic length, typically the diameter of the nozzle. Generally, a Z value is suggested using Z = 1/Oh as the figure of merit to characterize drop formation, where a value between 1 and 14 means the stable drop formation. [36, 75] At a small Z value, viscous dissipation in the ink prevents drop formation, while at a large value, the primary drop is accompanied by a large number of satellite drops. [76] It should be noted that the longest dimension of the nanomaterials should be less than a/50 to eliminate nozzle clogging during printing. [39, 77] Thus, for 1D nanomaterials (e.g., AgNWs), length trimming is often needed before printing. However, this requirement might not be as stringent for 1D nanomaterials due to the possibility of shear flow-induced alignment as the 1D nanomaterials pass through the nozzle. [39] Coffee ring effect, which originates from the capillary flow induced by the differential evaporation rates across the drop, is a common phenomenon in printing process. [78] When one droplet has a pinned three-phase contact line, the excess solvent lost at the edge is replenished by solvent in the center, leading to a radial capillary flow. The capillary flow carries the solutes in evaporating droplet toward the pinned three-phase contact line, carrying nearly all the dispersed material to the edge; thus, the ring-like morphology is formed. [79] Coffee ring effect directly influences the morphologies of patterns deposited on the substrate, which affects the resolution of patterns and the performance of devices. [79, 80] Such an effect is more common in inkjet printing because of the low ink viscosity. Several strategies have been employed to suppress coffee ring effect, such as drying on a smooth substrate or by constraining the evaporation at the edge with a centrically perforated plate above the drop, [81] electrowetting or drying droplets in an electric field, [82] a mixture of two or more different liquids with different vapor pressures and surface tensions, [6] and a sufficiently fast increase in viscosity after deposition. [83] Note that utilizing coffee ring effect has also been investigated for depositing functional structures [84] [85] [86] and will be discussed in Section 4.
Double-Shot Inkjet Printing Process
A novel inkjet printing method, termed double-shot inkjet printing, has been developed, which allows generating the desired product in situ in the required pattern. This technique uses two inkjet nozzles depositing two types of inks at the same position. As shown in Figure 2d , using double-shot inkjet printing process, uniform single-crystal organic semiconductor thin films were fabricated on silicon wafers with welldefined patterns. An antisolvent droplet was first deposited by one nozzle on the substrate (step 1), and then the semiconductor solution was overdeposited at the same position by the other nozzle, forming mixed sessile droplets on the substrate surfaces (step 2). In the mixed droplets, the semiconductor layer was first formed and then dried by evaporating solvent after several minutes (step 3). Finally, the uniform crystalline semiconductor layer with uniform thickness of 200 nm was formed over the area (step 4). [14] The uniform nature of the film can be ascribed to temporal discrimination between solute crystallization and solvent evaporation within the printed droplet. Images of double-shot inkjet-printed single-crystalline thin
Adv. Mater. Technol. 2019, 4, 1800546 2,7-dioctyl [1] benzothieno [3,2-b] [1]benzothiophene single-crystal thin films. d,e) Reproduced with permission. [14] Copyright 2011, Springer Nature. f) Schematics of dual-droplet printing. g) Optical and h) SEM images of assembled PS NPs with diameters of 300 nm. f-h) Reproduced with permission. [73] Copyright 2018, Wiley-VCH. i) Schematic of the in situ synthesis of self-assembled AuNPs through reactive inkjet printing. j) SEM image of the synthesized AuNPs. i,j) Reproduced with permission. [74] Copyright 2014, Wiley-VCH.
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films are shown in Figure 2e . Double-shot inkjet printing is mainly used for fabricating polymer films. [87, 88] Similar to double-shot inkjet printing, Zhao and coworkers proposed a dual-droplet inkjet printing process to deposit monolayer NP films. [73, 89] As shown in Figure 2f , the first water droplet (supporting droplet) acting as the Langmuir-Blodgett trough and the second droplet containing polystyrene (PS) NPs (wetting droplet) were inkjet printed at the same position by two nozzles. The PS NPs spread over the supporting droplet surface and assembled at the interface as the solvent dried to produce a uniform, monolayer of NPs. Moreover, pH value of the supporting droplet, solvent composition and the functional groups on the NPs in the wetting droplet, and the wetting property of the substrate influenced the printing results. For example, using neutral deionized water as the supporting droplet and 300 nm PS NPs dispersing in ethanol as the wetting droplet, a monolayer of PS NPs was obtained (Figure 2g ,h).
Reactive Inkjet Printing Process
Reactive inkjet printing, which also uses two nozzles, combining the processes of material deposition and chemical reaction, has also drawn attention as a cost-effective and highly controllable method to fabricate patterns recently. [90] [91] [92] Reactive inkjet printing can be seen as a synthetic tool. [74, 93] As shown in Figure 2i ,j, gold nanoparticles (AuNPs) can be synthesized in two printing steps: the reducing reactant (1 mL oleylamine in 10 mL 1,2-dichlorobenzene) was first printed, and then the metal precursor (0.12 mmol Au(III) chloride trihydrate in 10 mL dimethyl sulfoxide) was deposited at the same position (or vice versa). After thermal sintering at 120 °C for 3 h, AuNPs were obtained. The size of the resulting AuNPs can be easily controlled by the concentration of the Au precursor and oleylamine ink. [74] Reactive inkjet printing can also be used to fabricate complex 3D polymeric structures. [94] [95] [96] For example, a silicone elastomer, polydimethylsiloxane (PDMS), can be achieved by the jetting of two inks. The two inks were produced by creating 60 wt% solution of PDMS A and B using octyl acetate as a viscosity modifier. After inkjet printing using two different nozzles and curing, a highly cross-linked PDMS film can be obtained. [96] 
Electrohydrodynamic Printing
EHD printing is a technology that uses electric field to create fluid flow necessary to deliver ink to a substrate for highresolution printing. [32, 97] EHD printing is able to produce droplets of size two to five orders of magnitude smaller than the nozzle size. [16, 98] In addition, the electric field between the nozzle and the substrate has a positive effect on shape control of assembled nanoparticles in the printed droplets. [99] Moreover, EHD printing can be used as additive manufacturing of 3D structures at micrometer scale with high resolution. [100] [101] [102] The main elements for an EHD printer include pressure regulator (syringe pump), ink chamber, nozzle tip, substrate, and translational stage (Figure 3a) . The printing conditions are primarily controlled by back pressure, offset height, and applied voltage potential. The relationship for frequency of jetting (f) with the voltage potential (V) and offset height (h) can be summarized as follows
where K is a scaling constant dependent on viscosity of the ink, nozzle diameter, applied back pressure, and permittivity of free space. [103] The influence of electric field strength and flow rate on the jetting mode is shown in Figure 3b . The electric field strength can be controlled by the applied voltage between the nozzle and translational stage. [104, 105] With a low flow rate and low electric field strength, the gravity drives the liquid out of the nozzle in a "dripping" mode. When the flow rate and electric field are properly matched, a continuous stream of liquid is ejected from the nozzle, often called the "cone-jet" mode. However, if the flow rate is higher or electric field strength is smaller, the cone-jet mode cannot be maintained and streams of distinct droplets are ejected, which results in a "pulsating jet" mode. With an excessive increase of the electric field strength, "complex jet" modes, such as tilted jetting and multijetting, are uncontrollable and cannot be used in EHD printing. Moreover, if the tip-to-substrate distance is short or insulating layer of the substrate is very thin, desired patterns can be deposited on even insulating substrate. [106] In order to overcome the accumulation of charges on an insulating substrate, AC-pulse-modulated EHD jet printing has been developed by Dong and coworkers with more precise control of printing speed and droplet sizes. [107, 108] Note that EHD printing of conductive features in a continuous cone-jet mode is challenging, as the conductive inks might connect the charged nozzle and the grounded conductive substrate to cause discharge and terminate the printing process. [109] 
Aerosol Jet Printing
Aerosol jet printing uses aerodynamic focusing for highresolution deposition of colloidal suspensions or chemical precursor solutions. The jet in aerosol jet printing is composed of numerous droplets with diameter of 2-5 µm instead of a single droplet in inkjet printing. [111] Aerosol jet printing is considered as a potential competitor to inkjet printing and EHD printing in the fabrication of functional and structural materials as it also allows the maskless and noncontact deposition. [112] [113] [114] In addition, due to the high nozzle-to-substrate distance, aerosol jet printing is compatible with nonplanar substrates; complicated patterns and structures can be printed on textured, stepped, or curved surfaces with almost constant linewidths. [112, [115] [116] [117] A schematic of the aerosol jet printing process is shown in Figure 3c . An ultrasonic or pneumatic atomizer is used to atomize suspensions or precursor solution into 1-5 µm droplets (ink aerosol). These droplets are then entrained in a carrier gas (e.g., N 2 , He) and transported to a deposition head (dep-head) and focused to a narrow, high-speed stream with a second gas flow (sheath gas). [113, 118] The droplets travel from the tip and impact on the substrate, which is translated under programmed control to create desired patterns. The ratio of the sheath gas flow rate to the carrier gas flow rate (atomizer flow rate), which is identified www.advmattechnol.de as focusing ratio (FR), is central to controlling aspect ratio of the line features. [118, 119] A low FR yielded lines that were broad and ill-defined. Increasing the FR improved the deposition quality, yielding lines with more distinct edges. Increasing the FR further resulted in lines that were once again poorly defined. In this way, an optimal window for deposition could be determined. [118] Specifically, to obtain conductive traces at room temperature, a high-voltage, high-frequency plasma driver is used as a power supply to fire a jet of MWNT ink. [110, 120] As shown in Figure 3d ,e, when the plasma was off, the density of CNTs was small; when the plasma was on, the plasma focused the CNTs onto the substrate with high density and good adhesion. Moreover, plasma could remove the surfactant of the CNTs before depositing on the substrate and the resulting conductivity was increased by two orders of magnitude. Thus, even without postprinting sintering, highly conductive patterns can be produced.
Slot Die Coating
Slot die coating is a noncontact, large-area processing method for deposition of homogeneous wet films with high crossdirectional uniformity. [121, 122] It can handle a broad range of viscosities from less than 1 mPa s to several thousand Pa s, with the coating speed in a similar wide spectrum between less than 1 m min −1 and more than 600 m min −1 .
In slot die coating, as shown in Figure 4a , the ink is pumped through a slot inside the coating head mounted close to the web. After formation of a meniscus, which is maintained by continuous pumping, the moving substrate leads to the deposition of a homogeneous layer along the web. [123] This creates a continuous coating of quite even thickness over a large area. The film thickness can be expressed by the formula
where f is the flow rate, S is the coating speed, w is the coating width, c is the concentration of the ink, and ρ is the density of the material in the final film. Double slot die coating, which is an approach to improve production throughput by simultaneous deposition of two layers, has been reported. Using two aqueous inks for the simultaneous formation of both the active layer poly-3-hexylthiophene:Phenyl-C61-butyric acid methyl www.advmattechnol.de ester (P3HT:PCBM) and hole transporting layer poly(3,4-ethylene dioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) by double slot die coating, it demonstrated a possible route for lowering the energy payback time of polymer solar cells. [124] If the slot die head is fitted with a meniscus guide, it is possible to coat stripes in variable widths depending on the shape of the meniscus guide. Recently, by replacing a point nozzle of 3D printer with a slot die head, as shown in Figure 4b ,c, curved stripes with 13 mm width and more than 100 mm length were obtained. [125] 
Screen Printing
Screen printing is a mass printing method realized by pressing an ink through a patterned stencil with a squeegee. The squeegee moves against the screen and presses the ink through it (Figure 4d ). The most distinct feature of screen printing compared with other printing methods is the high aspect ratio of printed patterns. The typical wet layer thicknesses are in the range of 10-500 µm, which can be useful for PE where high conductivity is needed. Viscosity of the ink, wetting of the substrate, and other parameters determine the applicability of this method. The rotary screen printing, which is a true R2R printing technique, greatly improves the output efficiency compared to the flat-bed printing (Figure 4e ). The ink is constrained inside the rotating cylinder with a fixed internal squeegee and the ink is less exposed to the surroundings.
The resolution of screen printing is highly dependent on the quality of the screen mask, which is usually attained by photochemically patterning polymers on a screen mesh. Recently, high-resolution screen masks have been achieved, which can be photolithographically patterned and etched into finer openings as small as 5 µm in thin silicon wafers (Figure 4f,g ), leading to a printed line resolution down to 40 µm. [8] 
Gravure Printing
Gravure printing utilizes direct transfer of functional inks through physical contact of the engraved structures with the substrate. It can offer high-throughput R2R patterning of functional materials at high speed. [126] The operating principle of gravure printing is represented in Figure 5a . The printing roller (which is also called cylinder) has engraved cells patterned on the surface. The printing roller moves against the doctor blade, which removes excess ink [125] Copyright 2015, Wiley-VCH. Schematics of d) flat-bed screen printing and e) rotary screen printing. f) Schematic of a typical microfabrication process for creating thin silicon stencils. g) High-resolution optical images of stencils with line openings of 20 and 5 µm. f,g) Reproduced with permission. [8] Copyright 2015, Wiley-VCH.
from the surface of the printing roller. The ink is transferred to the surface of the substrate in the nip between the printing roller and the impression roller. [127] The other type of gravure printing, which is called "inverse direct gravure printing," is shown in Figure 5b . Rather than using a printing roller to transfer patterns, the inverse direct gravure printing uses a flat plate to transfer patterns to the substrate on the impression roll. [128, 129] The printed pattern morphology and pattern fidelity are determined by the rheological behavior of the ink, defined as a Ca number , showing excellent pattern fidelity. c-e) Reproduced with permission. [131] Copyright 2012, Wiley-VCH. f) Schematic showing the wettability contrast between hydrophobic surface on the land and hydrophilic surface in the cell. g,h) Time-sequence optical images showing ink loading process by guiding a drop of a 80 wt% glycerol-20 wt% water solution over the pattern toward the upper right corner. f-h) Reproduced with permission. [132] Copyright 2015, Wiley-VCH.
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where η is the ink viscosity, γ is the surface tension, and U is the printing speed. At low Ca, pattern fidelity is deteriorated by ink drag-out from the cells, while at high Ca, inefficient doctoring leaves inks in nonpatterned area. Optimal printing can be achieved by adjusting printing speed and ink parameters to make Ca ≈ 1. [128, 130] To test the effect of engraved cell configurations on the quality of printed patterns, three different cell configurations were engraved on the cylinders: individual dots, gravure lines, and intaglio trenches. [133] A gravure line is a series of closely spaced cells, while an intaglio trench is a long, continuous groove. Intaglio trenches that are parallel to the print direction often exhibit a "pick-out" effect, where a section of the printed line never transfers to the substrate. [133] Thus, even though the gravure line consists of discrete cells, continuous patterns can be achieved if the cell spacing to the cell width is small enough, and the ink's viscosity and surface tension are suitable to allow the printed dots to emerge.
To obtain patterns with high resolution, small engraved cells are needed along with optimization of the interaction between the ink and the substrate. Subramanian and coworkers produced engraved cells with width of 7.5 µm and volume of 70.3 fL using an electromechanical engraving process ( Figure 5c ,d); 10 µm wide patterns were obtained after printing (Figure 5e ). [131] To enhance the wettability contrast between the cells and the surrounding areas (lands) of the printing roller, a microfabrication process was developed on a thin flexible Si wafer. [132] The Si gravure pattern was produced by standard photolithographic and etching processes together with selective surface functionalization. As shown in Figure 5f , the water contact angle on the Si land treated with trichloro(1H,1H,2H,2H-perfluorooctyl)silane was 110° (hydrophobic), while that on the cell surface coated with Ni was 30° (hydrophilic). Such a high wettability contrast even allowed removal of excess ink without using a doctor blade (Figure 5g,h ). Continuous lines with 1.2 µm in width and 1.5 µm in spacing were obtained after gravure printing.
To avoid damages to the roller due to direct contact with the substrate, an advanced version of gravure printing called gravure offset printing was used. The ink is first transferred to an intermediate offset cylinder that is coated with elastic blanket and then printed to the substrate at a rather high pressure. Printing velocity, pressure, and blanket's thickness are some of the process parameters that affect consistency of the printing results. [15, [134] [135] [136] 
Flexographic Printing
Flexographic printing is a process that utilizes a flexible relief plate. Engraved cells on an anilox cylinder draw up the ink and excess materials on the surface of the anilox are removed via a doctor blade. The ink in the cells is then transferred to a raised image on a printing relief plate, which is in turn transferred to the substrate that rolls alongside the printing plate by using a substrate roller. [137, 138] A schematic illustration of the flexographic printing process is shown in Figure 6a . Flexographic printing offers a variety of ink types, and enables printing on a wide variety of both porous and nonporous substrates.
Recently, a novel flexographic printing method producing patterns with sub-micrometer on both rigid and flexible www.advmattechnol.de surfaces was reported. [139] Vertically grown CNTs embedded in a polymeric matrix were used as the nanoporous printing stamp (polymer-CNT printing stamp), and a thin ink layer that matched the pattern of the nanoporous microstructures on the stamp with high fidelity was transferred into the substrate (Figure 6b) . Figure 6c ,d shows the scanning electron microscopy (SEM) images of the polymer-CNT printing stamp and flexographic printed Ag patterns, respectively. Printing of high-resolution Ag patterns with width of 20 µm was achieved. Moreover, this technique is easily scalable to R2R manufacturing and offers at least tenfold resolution improvement over current industrial flexographic printing.
Roll-to-Roll Printing
R2R printing is a mature and extensively used method for large-area manufacturing of electronic devices, as a result of its additive nature and high process speed. [140] [141] [142] Among the aforementioned printing technologies, slot die coating, rotary screen printing, gravure printing, and flexographic printing are intrinsically compatible with R2R printing. The only noncontact printing technique that has been widely employed so far for the R2R process is inkjet printing. For instance, industrialscale inkjet printers equipped with industrial print heads and combined with photonic flash sintering unit can realize R2R printing process. Ag patterns were produced at speed up to 10 m min −1 . [141] 
Formulation of Conductive Nanomaterial Ink
In order to fabricate functional devices by means of the various printing technologies, a critical step is to synthesize conductive nanomaterials and design appropriate ink formulation for each specific printing process. Since inks should provide high electrical conductivity of the printed patterns, it is essential that the conductive nanomaterial should have high concentration and be stable without aggregation in the ink. Ink physical properties, such as viscosity and surface tension, are also critically important to achieve high printing accuracy and resolution.
Synthesis of Metal Nanomaterials with Wet Chemistry Process

Synthesis of AgNPs and CuNPs
Two main approaches are used for the preparation of metal NPs: top-down and bottom-up. By the top-down approach, the NPs are formed by breaking bulk metal into smaller particles by milling, grinding, etching, and pyrolysis. [3, 143, 144] In the bottomup approach, nanosized materials are synthesized from atomiclevel precursors. While both approaches have their advantages and disadvantages, the bottom-up approach has become more popular because it offers greater control of the shape and size of the resulting NPs. Among all bottom-up methods, the wet chemistry process is long established for the preparation of metallic NPs. In the wet chemistry method, AgNPs and CuNPs are formed from ionic precursors (e.g., AgNO 3 , CH 3 COOAg, CuCl 2 , Cu(NO 3 ) 2 ) by reaction with proper reducing agents (e.g., diethanolamine, monoethanolamine, formaldehyde, sodium borohydride, hydrazine, ethylene glycol (EG), oleylamine, ascorbic acid, phenylhydrazine, and tin acetate) in solution with the protection of capping agents (e.g., poly(acrylic acid) (PAA), carboxylic acid, polyvinylpyrrolidone (PVP), dodecanethiol (DT), sodium citrate, sodium dodecyl sulfate, sodium polyacrylate, oleylamine, and hexadecylamine). [6, 51, [145] [146] [147] [148] [149] [150] [151] [152] [153] [154] [155] [156] Using wet chemistry process, the average size, size distribution, and stability of the NPs can be controlled by varying the experimental parameters during the synthesis. For example, using an aqueous system that contains AgNO 3 as the Ag precursor, poly(acrylic acid) as the capping agent, and diethanolamine as the reducing agent, AgNPs with a mean particle size of 20 ± 5 nm and a size distribution between 5 and 50 nm were prepared (Figure 7a) . [6] Using an aqueous system that contains CH 3 COOAg as the Ag precursor, poly(acrylic acid) sodium salt as the capping agent, and ascorbic acid as the reducing agent, AgNPs with an average particle size of 10 nm were prepared. [153] As ascorbic acid could give enough reducibility to convert Cu 2+ into CuNPs, using ascorbic acid as both reducing agent and capping agent, CuNPs with diameter of ≈1.5 nm were synthesized by reducing CuCl 2 in aqueous solution (Figure 7b ,c). [157] 
Synthesis of AgNWs
Synthesis of AgNWs has been reported using a number of methods, such as polyol method, microwave-assisted method, UV irradiation method, and template method. [161, 162] Out of the various methods, the polyol method is relatively simple with low cost and high yield, hence the most promising route to produce AgNWs. In the polyol process, metallic precursors (e.g., AgNO 3 ) are reduced by a polyol (e.g., EG) in the presence of PVP. [163, 164] Different additives, such as PtCl 2 , AgCl, NaCl, FeCl 3 , and CuCl 2 , are often employed, resulting in rapid formation of AgCl nanocubes. Such nanocubes induce the heterogeneous nucleation of metallic Ag on their surfaces, and AgNWs subsequently grow from the nucleation sites. [165, 166] AgNWs are typically grown with diameters of 50-200 nm and lengths of 1-20 µm. [167] The diameter and the aspect ratio of AgNWs are two key structural parameters to influence the optical transmittance and sheet resistance of printed/coated AgNW patterns. [168] To increase the length of AgNWs, which means increasing the aspect ratio of AgNWs, modified polyol methods have been adopted. Ko and coworkers developed a successive multistep growth (SMG) method for very long AgNWs (Figure 7d ), where AgNO 3 was reduced repeatedly in EG in the presence of PVP. It was demonstrated that AgNWs continued to grow through successive multistep growth as long as Ag ion-rich conditions were maintained continuously. The average length and diameter after seven reduction steps of AgNO 3 were reported to be 96.1 µm and 160 nm, respectively. [158, 169, 170] Jiu et al. [171] reported one-pot reaction by adding all agents (EG, PVP, AgNO 3 , and FeCl 3 ) at room temperature and reacting at a lower temperature of 130 °C for 5 h, which contributed to the nucleation and growth of Ag nuclei during the same stage. In addition, low temperatures and long reaction times also have been confirmed www.advmattechnol.de to contribute to the formation of longer AgNWs. AgNWs with length of 65-75 µm and nearly constant diameter of 60 nm were synthesized.
In addition to increasing the length of AgNWs, decreasing the diameter of AgNWs is also adopted to obtain high aspect ratios. In a typical polyol method, the produced AgNWs have diameters larger than 50 nm. To reduce this diameter, generating pentatwinned decahedral seeds with small size and preventing decahedral seeds from growing laterally are effective routes. [159] Recently, Xia and coworkers [159] synthesized AgNWs by employing both high molecular weight of PVP (M w = 1 300 000) and Br − ions to restrain the AgNWs from lateral growth. The high molecular weight of PVP was effective in inducing the formation of pentatwinned decahedral seeds, and due to their small size, the Br − ions can limit the lateral growth of AgNWs by effectively capping the (100) facets on the side surface ( Figure 7e ). AgNWs with diameters below 20 nm and aspect ratios over 1000 were obtained (Figure 7f,g ). Wiley and coworkers [172] introduced NaBr into polyol synthesis, which enabled the production of AgNWs with aspect ratios >2000 and diameters of 20 nm. With addition of 2.2 × 10 −3 m NaBr, the diameter of AgNWs was reduced from 72 ± 15 to 20 ± 2 nm. The reduction in NW diameter was due to an increase in the number of nucleation events and a reduction in the percent conversion of Ag + to Ag.
Synthesis of CuNWs
CuNWs can be grown by a variety of methods, including chemical vapor deposition, electrochemical deposition in templates, reverse microemulsion method, and solution-phase reduction synthesis, among which the solution-phase reduction synthesis is relatively simple with low cost and high yield, and is thus widely used. [157] Copyright 2011, Royal Society of Chemistry. d) Schematic of synthesis of very long AgNWs through the SMG method and SEM images of AgNWs produced by the SMG method after one and seven times growth. Reproduced with permission. [158] Copyright 2012, Wiley-VCH. e) Schematic of the effects of PVP and Br − ions on the growth of thin AgNWs. f) SEM and g) TEM images of AgNWs synthesized with a reaction time of 35 min. e-g) Reproduced with permission. [159] Copyright 2015, American Chemical Society. h) Heat-induced radical generation from benzoin and proposed mechanism of Cu complex reduction via benzoin radicals. i) SEM and j) TEM images of the synthesized CuNWs. h-j) Reproduced with permission. [160] Copyright 2017, American Chemical Society.
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In the solution-phase reduction synthesis, Cu ion precursors are reduced by reducing agents in the presence of organic additives. Two general approaches have been employed to synthesize CuNWs: ethylenediamine (EDA)-mediated synthesis and alkylamine-mediated synthesis. The EDA-mediated synthesis of CuNWs was first reported by Zeng and coworkers [173] and modified by Wiley and coworkers, [174] who magnified the reaction by a factor of 100. In a typical synthesis process, Cu(II) ions are reduced by hydrazine (N 2 H 4 ) in a basic solution containing EDA as the capping agent. The resulting CuNWs are 90 ± 10 nm in diameter and 10 ± 3 µm in length. Their more recent work revealed the growth mechanism of CuNWs in the EDA-mediated approach. EDA is a facet-selective promoter of Cu atomic addition to the (111) facets at the end of a CuNW rather than a capping agent stabilizing the (100) facet to inhibit the lateral growth. [175] Using the alkylamine-mediated approach, high-quality and uniform CuNWs can also be synthesized. For example, Zhang et al. [176] synthesized ultralong single-crystalline CuNWs with diameter of 78 nm and lengths of tens to hundreds of micrometers up to several millimeters in liquidcrystalline medium of hexadecylamine and cetyltrimethylammonium bromide (CTAB). Interestingly, the whole synthesis process was carried out in nonaqueous media, which effectively decreased the aggregation of the CuNWs. It should be noted that shorter chain length of alkylamines can increase the rate of Cu reduction and produce higher yields and longer CuNWs. [177] Synthesis of CuNWs using carbon organic radicals as reductants was also reported by Yang and coworkers. [160] As shown in Figure 7h , upon heating, benzoin was decomposed into benzoyl radical and hydroxybenzyl radical. Due to the conjugation of the benzene ring, these radicals were relatively stable in an air-free atmosphere, being capable of reducing metal complex in solution. Specifically, Cu(II) precursors were first reduced to Cu(I) at low temperature of 120 °C, which were further reduced to Cu at high temperature of 185 °C. With the aid of oleylamine, Cu nucleation preferred a fivefold twinned structure and CuNWs possessed a length of up to 20 µm and a diameter of 18.5 ± 3.5 nm (Figure 7i ,j). More recently, this group also used the same method to synthesize AgNWs with diameter as thin as 13 nm and aspect ratio up to 3000. [178] To reduce the corrosion/oxidation of CuNWs in air, a passivation layer of carbon and metal (e.g., Ni, Ag, Au, and Pt) has been introduced during the CuNW synthesis process. [179] [180] [181] 
Formulation of Metal Nanomaterial-Based Printable Inks
In general, the method of formulating metal inks is to disperse the synthesized NPs/NWs in proper solvents containing some specific binders and additives. For example, to obtain CuNP ink for screen printing, CuNPs, EG, and PVP were ball-milled together for 4 h before use. [182] To obtain water-based AgNW ink for screen printing, [19] a mixture of (hydroxypropyl)methyl cellulose (HMC), fluorosurfactant (Zonyl FS-300), and antifoaming agent (Defoamer MO-2170) was employed as the organic binder/additives. HMC acted as a rheological agent to provide suitable thixotropic behavior. The hydroxyl groups in HMC can bond strongly on the surface of AgNWs and thus work as a dispersive agent to achieve good dispersion of AgNWs and provide dispersion stability. Zonyl FS-300 decreased surface tension of the water-based ink, promoting the substrate wettability during printing. Defoamer MO-2170 provided efficient defoaming performance in aqueous printing inks and helped prevent foam formation during mechanical agitation. The AgNW ink, which contained a low solid content of 6.6 wt%, a viscosity as high as 405.8 Pa s at 0.1 s −1 shear rate, and appropriate rheological behavior, was suitable for screen printing. In another example of AgNW ink for EHD printing, AgNWs were dispersed in poly(ethylene oxide) (PEO) aqueous solution. [43, 183] PEO was used to assist ink formulation for the following reasons: i) high molecular weight PEO can increase the viscosity of the ink dramatically, and provide thixotropic behavior for the ink; ii) PEO can function as a dispersive agent to improve dispersion of AgNWs as the hydroxyl groups can bond with the surface of the AgNWs; and iii) PEO can precipitate together with AgNWs after printing to generate solid composite sediments, which was conducive to forming a uniform, continuous pattern. [184] Similar ink formulation can also be used for preparing gravure-printed AgNW ink. [185] In order to form a crack-free dense microstructure that adheres well to substrates, nano-or micrometer-sized glass frits were often applied to the AgNP or Ag flake ink. [186, 187] 
Formulation of Carbon Nanomaterial-Based Printable Inks
Due to the low dispersibility of graphene and CNTs in a variety of solvents, it is a challenge to fabricate printable carbon nanomaterial inks with high load density against aggregation and precipitation. [188] Liquid-phase exfoliation, either by sonication-assisted exfoliation or by shear force-assisted exfoliation, has been well studied in the past several years to obtain high-quality graphene due to its simplicity and low cost. [189, 190] For example, Coleman and coworkers first developed a simple method to directly exfoliate graphite to monolayer or few-layer graphene in various solvents (e.g., N-methylpyrrolidone (NMP) and N,N-dimethylformamide (DMF)) using a normal ultrasonication bath. To improve exfoliating efficiency, a microfluidization-assisted method was developed recently, where high pressure forces the graphite containing solvents to pass through a microchannel to provide a shearing speed >10 8 s −1 . [191] Typically, bulk graphite can be exfoliated to be thin graphene flakes with 100% yield, including 4% of the flakes with thickness <4 nm and 96% between 4 and 70 nm.
For printable graphene ink, two general strategies have been demonstrated: i) dispersing graphene directly in solvents (e.g., NMP, water/ethanol, isopropyl alcohol (IPA)) without additives, and ii) stabilizing graphene in a broader range of organic solvents (e.g., terpineol, dipropylene glycol) using additives (e.g., ethyl cellulose (EC) and PVP). [42, [192] [193] [194] For example, to synthesize graphene ink for inkjet printing, the graphene ink was prepared by first exfoliating graphite flakes in DMF, and exchanging DMF with terpineol to distil due to the large difference between their boiling points. To prevent graphene sheet aggregation during DMF evaporation, a certain amount of EC was added into the graphene/DMF suspension as the stabilizer. The graphene concentration could be up to ≈1 mg mL −1 . Finally, the EC can be effectively removed through a post-printing www.advmattechnol.de thermal sintering at 300-400 °C in air for 1 h. [193] Recently, a water-based and inkjet-printable 2D crystal ink was put forward by Casiraghi and coworkers. [42] Liquid-phase exfoliation of graphene was done in water by adding small amount of 1-pyrenesulfonic acid sodium salt as the exfoliating and stabilizing agent. After the exfoliation process, a low concentration of Triton X-100 was chosen as surface tension modifier to avoid disrupting the electrostatic stabilization of graphene flakes in the water-based ink. Most notably, by adding propylene glycol as cosolvent resulted in an increase of viscosity leading to improved printing reliability and these inks are also biocompatible.
Graphene oxide (GO), which is typically obtained by oxidation of graphite in the presence of strong acids and oxidants, can be easily dispersed in water and other organic solvents due to the presence of the oxygen functionalities. However, harsh post-printing treatments (i.e., chemical reduction and thermal sintering) are required to obtain reduced GO (RGO), which often leads to more defects and poor conductivity compared with pristine graphene. This makes GO less appealing to electronic applications. [58, 195] There are three major approaches to disperse CNTs: i) dispersing CNTs in neat organic solvents, or superacids; ii) dispersing CNTs in aqueous media by using dispersing agents, such as surfactants or polymers; and iii) modification of CNTs with functional groups, which helps to disperse CNTs in solution. [196] For example, CNT ink was screen printed by using sodium dodecyl sulfate, PVP, and ethanol as dispersant, binder, and solvent, respectively. [197] To make MWNTs dispersible in water, MWNTs were first refluxed in HNO 3 to produce carboxyl, hydroxyl, and carbonyl groups at the defect sizes of the nanotubes. Then these hydroxyl and carbonyl groups were further oxidized by KMnO 4 solution to achieve additional carboxyl groups. After sonicating and centrifuging functionalized nanotubes, the supernatant solution containing CNTs with length of 1-5 µm was used as ink for inkjet printing. [198] 4. Printing Conductive Nanomaterial Inks
Inkjet Printing
Inkjet printing of metal NP inks, especially AgNP ink, is widely used for printing circuits and conductors, which form the basis of printed electronic devices. [3] Paper-based substrates have recently attracted increasing research and commercial interests for PE due to their natural abundance, light weight, renewability, mechanical flexibility, and nontoxicity over their counterparts. [199] [200] [201] [202] Coffee ring effect is often undesired but does exist during inkjet printing process. However, researchers have exploited coffee ring effect to achieve highly conductive patterns in the past few years. [79] Inkjet printing of AgNWs, graphene, and CNTs has also attracted extensive academic interest.
In this part, we will focus on the advances in inkjet printing of metal NP inks on paper substrates; then the progress in forming conductive films using the coffee ring effect by inkjet printing will be presented; finally, we will discuss the recent progress of inkjet printing of AgNW inks and carbon nanomaterial-based inks.
Inkjet Printing of Conductive Patterns on Paper Substrates
Paper substrates, especially photopaper (inkjet paper) that is glossy, coated on one or both sides, and has fast-drying properties, have been used in PE by inkjet printing. Using an inexpensive commercial color printer (Epson Stylus Photo R230), Song and coworkers inkjet printed water-based AgNP ink on photopaper to fabricate conductive circuits. [51] Viscosity and surface tension of the AgNP inks with different Ag concentrations were characterized prior to printing to make sure the Z values fell within the range of 1-10. The resistivity of the printed Ag patterns was decreased to 3.7 µΩ cm by increasing the sintering temperature to 180 °C. It should be noted that even by drying the Ag patterns at room temperature, a relatively low resistivity (8.0 µΩ cm) can be obtained on the photopaper. However, such a phenomenon did not happen on sticky note paper or copy paper. [203] The large differences of resistance on different papers can be explained by the substantial differences in the surface coating properties of the different papers. [204, 205] One advantage with paper substrate over plastic substrate is that the coffee ring effect is less pronounced due to the liquid absorption that competes with the initial spreading and the final evaporation. [206] However, wetting has the effect of dispersing inks deposited on the paper substrate, and lowering the printing resolution. The physical and chemical properties of paper substrates may be altered by chemical additives or changes in materials and processes. [207] [208] [209] Therefore, it is possible to tailor the paper or coating, adapting it to a specific functional ink. Whitesides and coworkers modified the surface free energy of Canson tracing paper using a fast vapor-phase treatment with organosilane. [210] Without treatment, water droplets were found to immediately wick into the paper; with treatment of decyltrichlorosilane, the contact angle of water droplet was enlarged to 128 ± 4°, which transformed the paper into a material that is omniphobic. As a result, the lateral resolution of printed lines decreased from 585 ± 87 to 90 ± 5 µm (Figure 8a,b) .
Inkjet Printing of Conductive Patterns Using Coffee Ring Effect
By controlling the migration of AgNPs within the evaporating droplets by regulating the wettability of the substrates, a variety of complex structures, such as a new type of TCFs containing rings, [85] holes, [211] and 2D reticular structures, [84, 212] were fabricated by inkjet printing. Magdassi and coworkers pioneered this method. For example, as shown in Figure 8c , inkjet-printed AgNP droplets formed self-assembled rings due to the coffee ring effect. The rims of the rings consisted of self-assembled, closely packed AgNPs. Width and height of the rims were less than 10 µm and 300 nm, respectively, while diameter of the ring was about 150 µm. To obtain transparent conductive patterns, a 2D array of overlapping AgNP rings was formed (Figure 8d ). The whole interconnected ring array presented a high transparency of 95% and a low sheet resistance of 4 Ω sq −1 .
[211] The same group also fabricated arrays of connected "coffee rings" composed of CNTs by inkjet printing, and after post-printing www.advmattechnol.de treatment with hot nitric acid, the transparent CNT patterns had a sheet resistance of 156 Ω sq −1 and transparency of 81%. [213] Note that if the contact lines of inkjet-printed droplets are inhibited from dewetting on the substrate, a long stable rivulet with two parallel contact lines can form. Pinned contact lines and edge-enhanced evaporation of the solvent caused the NPs to deposit along the rivulet periphery forming twin continuous NP lines with minimal deposition between the lines. [212] Elongated ellipse-shaped patterns can be formed based on this effect, while the NPs are accumulated in narrow parts of the printed lines. The width of the line composed of AgNPs was 5-10 µm that resulted in a transparent pattern. [84] These ellipse-shaped patterns were interconnected in the form of a grid and had a transparency of 92% with line resistivity in the range of 2.61 × 10 −3 to 5.76 × 10 −4 Ω cm when thermally sintered at 160-200 °C for 2 h (Figure 8e-g ).
Inkjet Printing of AgNW Networks
Inkjet printing of AgNWs is extremely challenging due to the length of AgNWs that is usually tens of micrometers, which can easily cause clogging of the nozzle. Several attempts have been made to achieve conductive patterns. [39, [214] [215] [216] [217] The first attempt to inkjet printing AgNW ink was to add AgNWs to the AgNO 3 ink to lower the concentration of AgNO 3 and increase the viscosity of the ink. [214] Continuous and smooth Ag lines with a resistivity of 7.31 × 10 −5 Ω cm were achieved on a flexible Kapton substrate after reducing by EG vapor for 1 h at 200 °C. Recently, Coleman and coworkers [39] demonstrated inkjet printing of AgNWs on flexible polyethylene terephthalate (PET) substrates. AgNWs were first reduced to 2.2 µm in mean length by sonication in a low-power ultrasonic bath for 3 h, and then cosolvents of IPA and diethylene glycol (DEG), which could suppress the satellite droplets during printing, were added to form AgNW ink. To control solvent evaporation during and after deposition, an intermediate drying step was introduced during a print session using processing temperature no more than 110 °C. The inkjet-printed lines, consisting of random AgNWs and 1-10 mm in width and 0.5-2 µm in thickness, displayed sheet resistance as low as 8 Ω sq −1 and conductivity as high as 10 5 S m −1 . To improve printability and to reduce post-treatment temperature, a solvent replacement approach was used. [215] An aqueous AgNW ink was prepared by replacing IPA with water to form a water-based ink. Such a AgNW ink (length of AgNWs: 20-50 µm) fulfilled the minimum requirement of regular inkjet printing due to low sedimentation rate and avoidance of potential clogging near the printing nozzle. Very recently, AgNWs with average length of 3.6 µm were dispersed in pure ethanol to form ink with solid content of 10 mg mL −1 and then inkjet printed on a PET substrate (Figure 9a) . Such an ink formulation can improve the printing results owing to two features: i) fast evaporation www.advmattechnol.de of ethanol; and ii) high concentration of AgNWs in the ink. Coffee ring effect can be effectively inhibited ( Figure 9b ) and only four printing passes are needed to create AgNW percolation to reduce printing time. [218] 
Inkjet Printing of Carbon Nanomaterials
The first demonstration of inkjet-printed graphene electronics was reported by Ferrari and coworkers, [36] where graphene dispersed in pure solvent of NMP was used to print transistors. The resultant inkjet-printed film showed a sheet resistance down to 30 kΩ sq −1 and ≈80% transmittance at the wavelength of 550 nm. After that, improvements have been achieved by different research groups. For example, Hersam and coworkers demonstrated an inkjet-printed graphene ink using cyclohexanone/terpineol as solvents and EC as binder. [219, 220] Such an ink supported a highly controllable, spatially uniform deposition of graphene with linewidth of 60 µm and electrical conductivity of 25 000 S m −1 . To further render the graphene with high electrical conductivity, mechanical durability, and environmental stability, the same group introduced nitrocellulose as binder to the ink. [61] The graphene films exhibited electrical conductivity up to 40 000 S m −1 following 350 °C thermal sintering. In addition, thermal decomposition of nitrocellulose resulted in robust amorphous carbon residues, yielding the inkjet-printed graphene patterns resilient to a range of mechanical and environmental stresses (Figure 9c,d) . Recently, water-based and biocompatible graphene ink was used to print electronic devices. [42] As shown in Figure 9e , Nobel medal was printed with water-based graphene ink on PEL P60 paper under ambient conditions. The relationship between sheet resistance and droplet spacing and printing passes is shown in Figure 9f .
Several studies have been reported on inkjet printing of CNTs to obtain conductive patterns. By printing water-based SWNT ink onto paper and plastic substrates, patterns with sheet resistance of ≈40 000 Ω sq −1 were obtained. [198] By optimization of the printing parameters, inkjet-printed MWNT thin film electrodes showed conductivity up to 30 S cm −1 without the need of any post-printing treatment. [221] 
Electrohydrodynamic Printing
EHD printing can overcome limitations of inkjet printing in terms of the size of nozzle arrays, the viscosity of ink, and the droplet size. [222, 223] EHD printing is an effective way to pattern high-resolution patterns. [224] [225] [226] [227] [228] [229] Rogers and coworkers first reported EHD jet printing SWNT dots with diameter of ≈8 µm using nozzles with internal diameter of 30 µm. Furthermore, by using much smaller nozzle (diameter ≈2 µm) and printing speed (≈20 µm s −1 ), 2 µm diameter dots were obtained. [32] EHD printing of AgNP inks enables the printed linewidth of less than 10 µm for the Ag grid transparent electrode, which is invisible to naked eyes. After sintering at 200 °C under near-infrared (NIR) light, the EHDprinted transparent electrode with 150 µm Ag grid pitch had a sheet resistance of 4.87 Ω sq −1 and transmittance of 81.75%. [224] Large-scale patterns of RGO with complex geometries (e.g., alphabetic letters) with linewidth of ≈5 µm can be obtained. [230] Recently, much attention has been paid to printing 3D conductive structures and AgNW networks using EHD printing. Reproduced with permission. [218] Copyright 2018, American Chemical Society. c) A series of images showing the water sonication for graphene/EC and graphene/NC. d) Change in electrical resistance following the damp heat test, 312 h at 85 °C and 85% relative humidity, for graphene/EC and graphene/NC films on polyimide and glass. c,d) Reproduced with permission. [61] Copyright 2017, American Chemical Society. e) Nobel medal printed with water-based graphene ink on PEL P60 paper. f) Sheet resistance as a function of the number of printed passes for graphene lines (2 cm length) printed on PEL P60 paper with a drop spacing of 40 µm (red points) and 25 µm (blue points). Inset: Optical images of printed lines with 1, 5, 10, 15, and 20 printed passes. e,f) Reproduced with permission. [42] Copyright 2017, Springer Nature.
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Electrohydrodynamic Printing of Complex 3D Structures
EHD printing offers unique potentials for fabricating 3D patterns. By controlling the printing and sintering processes, highaspect-ratio Au and Ag grid transparent electrodes with width of 80-500 nm and height of 0.2-1.5 µm were fabricated with AuNP and AgNP inks, respectively. [226, 227] This EHD printing process demonstrated the capability of printing high-aspect-ratio structures (e.g., nanowalls) with high resolution and low sheet resistance while maintaining the high-level optical transparency. As shown in [231] Copyright 2017, American Chemical Society. e) Snapshot of a florescence image obtained from the PIV experiment for EHD jet. Schematics showing the hydrodynamic drag force on a AgNW during EHD printing: f) when the axial direction of the Ag NW is parallel to the flow direction, the drag force is minimized; g) when perpendicular, the drag force can compel the Ag NW to rotation. e-g) Reproduced with permission. [183] Copyright 2014, Wiley-VCH. h) Large-scale AgNW pattern printed by EHD printing. Scale bar: 1 cm. i) Two complex AgNW patterns with high resolution. Scale bar: 5 mm. h,i) Reproduced with permission. [43] Copyright 2018, Royal Society of Chemistry.
www.advmattechnol.de 58 Ω sq −1 and optical transmittance of 98% could be obtained. By engineering a perfect balance between the AgNP ink and electromagnetic (EM) field, Park and coworkers succeeded in releasing ink droplets smaller than the nozzle, thus enabling printing of complex 3D structures with high resolution. [101] In order to apply EHD to 3D printing, a hydrophobic layer was coated on the nozzle to prevent inks from wetting the nozzle sidewall. Furthermore, volatile solvents (vapor pressure ≥1 Torr at 25 °C) were used in the ink to facilitate instant drying of the droplet, so that ink droplet can be dried before reaching the substrate, enabling the vertical stacking of ink materials. As shown in Figure 10b , the nanowalls, consisting of Ag and anthracene, could also be separated to form a square-like 3D pattern. Recently, one-step EHD printing of sub-micrometer-scale 3D structure was developed. [231] By printing low-viscosity AgNP ink (i.e., lower polymer concentration in the ink formulation), self-sintering of the charged AgNPs during the printing process due to the nanoscale Joule heating was observed (Figure 10c ). According to computational simulation, the maximum temperature between NPs can be as high as 800 °C, which was much higher than the melting point of AgNPs (≈150 °C). Thus, the AgNP self-sintering process occurred simultaneously at the interface between the charged AgNPs, forming the aggregated AgNP junction and 3D structures. Submicrometer-scale 3D structures were printed with an aspect ratio of 35 using the one-step EHD printing technique (Figure 10d ).
Electrohydrodynamic Printing of AgNW Networks
EHD printing has been recently used to print AgNWs. [43, 183, 232] One work focused on aligning AgNWs at very low NW density (3 mg mL −1 ). [183] As shown in Figure 10e , from the particle image velocimetry (PIV), the velocity of the jet at the interface was largest while the velocity near the center was relatively slow. Shear stress in the fluid flow can align NWs to be parallel lengthwise to the flow direction (Figure 10f,g ). With the combination of the fluid flow and the electric field inside the EHD jet, AgNWs were successfully aligned and printed. However, due to the low density of the AgNWs, the EHD-printed AgNW lines were not conductive. Our group has demonstrated a high-resolution, large-scale printing of highly conductive AgNWs using EHD printing. [43] By adjusting several ink and printing parameters, e.g., ink viscosity, AgNW concentration, stand-off distance, printing speed, voltage, nozzle size, and pressure, complex patterns can be deposited on a variety of substrates including plastics, elastomers, and papers (Figure 10h,i) . The printed AgNWs showed an electric conductivity as high as ≈5.6 × 10 6 S m −1 with AgNW concentration of 15 mg mL
. EHD spraying, which uses electrical field for liquid atomization, is another approach to deposit AgNW patterns. AgNW transparent electrode [233] and AgNW-embedded PEDOT:PSS hybrid thin films [234] were printed using a commercial EHD spraying machine.
Aerosol Jet Printing
As a direct-writing and noncontact depositing technique, aerosol jet printing is mainly used to print conductive circuits and components on various substrates.
Aerosol Jet Printing of Metal Nanomaterials
Ag interdigitated electrodes were deposited onto printed circuit boards by aerosol jet printing of AgNP ink. The lines were 20-50 µm in width and 8-10 µm in thickness with electrical resistivity of 4-12 µΩ cm after thermal sintering at 200 °C. [235] By adding proper graphene or CNTs into AgNP ink, the conductivity of the printed lines increased with graphene or CNTs serving as bridges to cross the defects/granular boundaries. [236, 237] Moreover, by reducing the atomizer flow rate, which means increasing FR, relatively high resolution of Ag penrose tiles with linewidth of ≈20 µm was obtained. [118] Due to the relatively high standoff of the printer head above the substrate and long focal length of the material beam exiting the nozzle, aerosol jet printing is an ideal solution to printing on nonplanar surfaces. [115, 120, 238, 239] For example, Ag interconnects with 22 µm in width were printed on the outer sidewall of hollow plastic pillar. [115] In addition to aerosol jet printing AgNWs to flat plastic substrate, [240, 241] AgNW networks could also be printed on rough, nonuniform 3D-printed objects with aerosol-assisted atmospheric pressure plasma-based printing. [120] Deposition of conductive traces at room temperature was realized with the assistance of plasma, and AgNW patterns formed a highly interlinked network covering both shallow and deep gaps between the plastic fibers of the 3D-printed nonplanar substrates. Besides printing on 3D nonplanar substrates, aerosol jet printing can also be used to build 3D structures. Recently, AgNPs dispersed in a mixture of water and EG were deposited by aerosol jet printing to fabricate 3D scaffold structures with hierarchical porosity (Figure 11a,b) . The structural features are shown spanning over five orders of magnitudes in length scale. The internal porosity and surface topography of the truss elements of the scaffolds can be controlled by varying sintering conditions (e.g., sintering profile and/or power source). [242] 
Aerosol Jet Printing of Carbon Nanomaterials
To obtain proper graphene ink for printing, the ink formulation consisting of solvents of cyclohexanone/terpineol and binder of EC was prepared. After printing the ink on a hydrophobic Si/SiO 2 substrate, the width of the printed graphene interconnects was down to 10 µm. [244] For electronic devices, understanding power dissipation in nanoscale structures is of great importance. Recently, the power dissipation and electrical breakdown in aerosol jet printed graphene interconnects were investigated. Microstructures and substrate properties played key roles in the power dissipation and electrical breakdown of the graphene interconnects. Electrical breakdown was likely due to the high porosity causing trapped gases and solvents within interconnects, as well as weak interlayer bonding of graphene flakes. Furthermore, power dissipation was dominated by the graphene interconnect morphology for substrates with high thermal conductivity (e.g., Al 2 O 3 substrate); however, power dissipation can be limited by polymer substrates with low thermal conductivity (e.g., polyimide substrate). [245] Aerosol jet printing has been proved to be a suitable method for printing large-area, CNT-based transistors on flexible substrate, which will be summarized in Section 6. www.advmattechnol.de
Slot Die Coating
By coating the AgNP ink onto the flexible substrate using the slot die method followed by a drying process using a NIR lamp, piezoresistive strain sensors were fabricated. [122] The comparison to commercial products shows a 40% increase in the gauge factor. Slot die coating can be used for coating AgNP inks to form electrode layers, such as the back electrode for solar cells. [246] The ink properties and coating parameters can be optimized to achieve a satisfying layer quality.
R2R Slot Die Coating TCFs
Recently, several groups have reported printing of highly TCFs consisting of AgNWs using R2R slot die coating. 400 mm wide AgNW network film was prepared on a PET substrate. By controlling the flow rate of the shear-thinning AgNW ink, AgNW percolating network films with sheet resistance of 30-70 Ω sq −1 , optical transmittance of 89-90%, and haze of 0.5-1% were obtained, which could be used for low-cost flexible screen panels. [247] Furthermore, to enhance the adhesive strength between AgNW network film and PET substrate, an overcoating layer of acrylic resin was applied on the substrate before slot die coating process. [248] In addition to a single layer of AgNWs, formation of hybrid structures with PEDOT:PSS, graphene, and CNTs utilizing R2R slot die coating has also been demonstrated for large-area applications. [249] [250] [251] [252] To improve electrical conductivity of the printed film, PEDOT:PSS conductive polymer inks were modified by adding AgNWs in solid contents of 10-20 wt%. [250] Highly uniform films with optical transmission higher than 80% and sheet resistance lower than 40 Ω sq −1 were obtained after slot die coating of the ink on a PET substrate. A largearea CNT/AgNW hybrid layer was coated using a R2R slot die coating system. [251] Films with width of 250 mm were continuously coated and showed good uniformity with average surface roughness of 19.02 nm, sheet resistance of 102 Ω sq −1 , and transmittance of 87.03%. In other cases, carbon conductive materials in combination with PEDOT:PSS film have also been achieved by R2R slot die coating. [253] 
Screen Printing
Screen printing is a potential technique for mass production of printed electronics and has been widely employed to produce conductive electrodes.
Screen Printing of Metal Nanomaterials
Screen printing metallization is the most widely used contact formation technique for commercial Si solar cells. [254] Ag flake is the most mature technology and remains the most widely utilized technique currently used in the manufacturing Figure 11 . a) A simplified free-body diagram of a critical droplet at the edge of a structure and the illustration of a designed experiment to verify the model for aerosol jet printing. b) SEM image of a petal-shaped structure. a,b) Reproduced with permission. [242] Copyright 2017, American Association for the Advancement of Science. c) Schematic of the interface morphology evolutions and associated adhesion mechanisms of AgNP film. Reproduced with permission. [243] Copyright 2015, Wiley-VCH.
www.advmattechnol.de of conductive elements. [255, 256] However, these flakes or particles do not allow high-resolution printing with the linewidth smaller than 70 µm, which results in high shadow losses. [254] To improve the resolution of screen-printed Ag patterns, several methods have been employed: i) increasing the substrate temperature to reduce the deposited ink quantity and spreading, ii) modifying the mesh surface to control the adhesion of the ink on the mesh, and iii) decreasing width of the stencil opening. [254, 257, 258] Recently, highly loaded AgNP ink (77 wt%) using water and EG as cosolvents and narrow openings of silicon stencils ranging from 5 to 50 µm in width was applied to obtain Ag lines with linewidth as small as 22 µm and resistivity of 5.5 µΩ cm. The resistivity was lower than that of screen-printed Ag flake patterns (typical resistivity values of 18-25 µΩ cm). [258] By dispersing CuNPs in EC and terpineol, highly viscous Cu paste was screen printed on PET substrate. After thermal sintering the printed film at 120 °C with a continuous purge of H 2 and N 2 in a ratio of 5:95 for 3 h, electrical resistivity was 58.7 µΩ cm. [259] Much attention has also been paid to synthesize AgNW inks for screen printing. [19, 260] The minimum feature size of 50 µm was achieved for the printed linewidth and spacing between the lines. [19] The initial conductivity of the printed AgNW lines was measured as high as 4.67 × 10 4 S cm −1 ; voids in the printed lines were believed to be the main reason for the decrease in the electrical conductivity as the linewidth increased.
Due to the significant technological importance of screenprinted Ag nanomaterials in printed electronics, it is essential to investigate the adhesion mechanisms between Ag film and substrate. Interfacial fracture energy is typically measured in order to understand the adhesion mechanism, which, in the case of Ag patterns on Si substrate, [243] was influenced by two main factors: interfacial surface roughness and amount of organic residues at the interface. As shown in Figure 11c , the maximum fracture energy was obtained at the optimal sintering temperature of 250 °C due to the significant increase in surface roughness and the presence of sufficient amount of organic residues at the interface. These results can be applied to printed Ag films to enhance and control the interfacial fracture energy for mechanically robust electronic applications.
Screen Printing of Carbon Nanomaterials
Huang and coworkers first demonstrated a screen-printed RGO ink by dispersing RGO sheets in terpineol with EC as binder, which can be used as counter electrodes for dye-sensitized solar cells. However, harsh thermal sintering at 400 °C was used to burn off the binder to obtain desirable conductivity, which inevitably affected the adhesive properties of the printed patterns. [35] In addition to EC, other polymers can be added to graphene as binder considering the practical application. For example, for screen printing graphene-based electrodes for supercapacitors, polyaniline (PANI) was added into nanographene platelets (NGPs). On one hand, NGPs can serve as a stable conductive network for PANI; on the other hand, PANI can serve as a spacer to further separate NGP neighboring sheets and enhance the finial capacity through fast faradaic pseudocapacitance effects. [261] In another example, using water as solvent and acrylate as thickening agent, GO ink can be screen printed on woven cotton textiles to fabricate electrodes for supercapacitor. [262] To gelate of graphene dispersion for screen printing process, PVP and polyvinyl acetate were used as binders, and dipropylene glycol as solvent. The printed linewidth can be down to 40 µm. [195] In another example, high-quality graphene patterns with resolution of 40 µm were also achieved by screen printing, resulting from the fine line opening as well as the tuned viscosity of the graphene inks. The graphene patterns exhibited high electrical conductivity of ≈1.86 × 10 4 S m −1 and outstanding mechanical flexibility on polyimide films. [8] 
Gravure Printing
Gravure printing is an attractive technique for patterning highresolution features at high speed.
Gravure Printing of Metal Nanomaterials
Like screen printing, Ag flake ink and AgNP ink are often used for gravure printing. The differences in ink characteristics lead to differences in printability and electrical performances of the two inks. [133, 263, 264] Gravure-offset R2R-printed AgNP film on PET substrate was sintered with a rapid laser sintering process in ambient conditions as an alternative to the conventional thermal sintering process. The laser sintered AgNP film exhibited superior electrical and mechanical properties, with fast sintering time and no damage to the substrate. [265] [266] [267] Very few studies have been reported for gravure printing of CuNP inks. CuNPs were added to a mixture solution of EG, glycerin, and additives. Under vigorous stirring and ultrasonication, the ink in the form of Cu paste can be gravure printed on polyimide film. After sintering at 300 °C for 1 h in the nitrogen, the resistivity can be down to 109 µΩ cm. [268] Gravure printing of AgNWs has received much attention. [185, [269] [270] [271] [272] AgNW network was gravure printed onto PET substrate using copper-based engraved plates with etched trenches. Conductive lines with different linewidths were fabricated by adjusting printing speeds and pressures. [270] For example, under printing pressure of 174 kPa, a linewidth of 230 ± 2 µm with smooth edges was obtained at 12 cm s −1 . Recently, our group has reported gravure printing of AgNW inks on PET substrate. [185] By tailoring the ink properties and printing conditions to make the Ca number ≈1, our group reported high-resolution, highly conductive AgNW patterns in large areas by gravure printing, with linewidth of 50 µm, line spacing of 100 µm, and conductivity as high as 5.34 × 10 4 S cm −1 , which demonstrated the excellent potential of gravure printing for developing large-area flexible electronics based on AgNWs. Moreover, AgNWs were better aligned along the printing direction for smaller linewidth, which may contribute to the observed increase in electrical conductivity (Figure 12a,b) .
The use of high-speed, R2R gravure printing was investigated for depositing AgNW-based TCFs. [269, 271] The AgNW network thickness on the substrate can be easily controlled by gravure coater rolling speed and gravure cell size. Then, the wet coating www.advmattechnol.de of AgNWs was transferred into the internal heater for drying at 110 °C. After laser-induced plasmonic welding, the optoelectronic performance of the AgNW network was improved to sheet resistance of 5 Ω sq −1 and transmittance of 91%. Furthermore, after printing another layer of GO on top of the AgNW film, the GO/AgNW film achieved outstanding electrical and optical performances (R s = 17 Ω sq −1 and T = 93%); cold welding due to the wrapping of GO stack formed copercolated solder points to reduce the nanojunction resistance. [197] Moreover, indium zinc oxide (IZO)/AgNW TCF from a single liquid precursor ink was deposited by gravure printing on polyethylene naphthalate substrate. [272] The speed of both the microgravure printing roller and web was used to control the formation of the thin film as well as its thickness. Additionally, the adhesion, surface roughness, and thermal stability were significantly improved as the NW network was encapsulated by the IZO film.
Gravure Printing of Carbon Nanomaterials
Gravure printing of hybrid MoS 2 nanoflowers@sulfonated RGO ink resulted in a highly porous material, which can be used for micro-supercapacitors when printed in an interdigitated pattern. [273] Recently, more efforts have been made to print carbon nanomaterials with high resolution and conductivity. For example, using small lateral size graphene sheets (≈50 nm × 50 nm with typical thickness of ≈2 nm) and by tailoring the ink properties and gravure printing conditions (Figure 12c,d) , continuous graphene lines with resolution as fine as ≈30 µm were printed over large areas with notable reliability and uniformity. The electrical conductivity of these patterns was ≈10 000 S m −1 . [37] In addition to the R2R gravure printing of AgNW-based TCFs discussed above, R2R gravure printing has also been used to deposit graphene hybrid TCFs. By mixing graphene sheets with PEDOT:PSS and ethyl cellulose, the ink can be R2R gravure printed on PET at a speed of 0.3 m min −1 . Followed by slot die coating of EG to partially remove the isolating PSS component and thermal sintering at 120 °C for 10 min, the conductivity of the hybrid films was around four times higher than that of a reference film containing pure PEDOT:PSS. The increase of conductivity was ascribed to two main reasons: i) the PSS interacts strongly with the ethyoxyl groups from EC to realize a good phase separation between PEDOT and PSS chains, and ii) the highly uniform and conductive graphene:EC enables the rearrangement of the PEDOT chains with more expended conformation surrounded by graphene:EC through the π-π interaction between graphene:EC and PEDOT. [274] A R2R gravure printing was first demonstrated as an advanced manufacturing method to fully print 20 × 20 SWNT TFT-based active matrices with a 9.3 ppi resolution along a 15 m PET roll by utilizing four rapid and low-temperature (7.5 s at 150 °C) curable electronic inks (two AgNP-based conducting inks, a BaTiO 3 NP-based dielectric ink, and a SWNT-based semiconducting ink). [275] Adv. Mater 
Flexographic Printing
Flexographic printing, a promising high-throughput technology, has often been used for solar cell fabrication. [276] [277] [278] By introducing an intermediate drying step between two printing passes, Ag contact fingers down to 33 µm in width and up to 8 µm in height were reported and used for the front-side metallization of silicon solar cells. [279] Flextrode, which is a semitransparent flexible thin film electrode with honeycombs or slanted grid fingers and PEDOT:PSS/ZnO, has been fabricated by flexographic printing. The flextrodes can be used as transparent electrodes for a variety of solar cells. [276, 277] By flexographic printing graphene onto PET substrate, the printed graphene acted as a semitransparent catalytic layer for fabrication of dye-sensitized solar cell electrodes. [280] The challenge of flexo-printed Ag grid lines and layers can be spikes that may appear after ink transfer to the substrate. Studies for the flexo-based fabrication of fine line Ag grid networks showed promising results for the employment of this production method. [281] Conductive Ag grid networks of 74.6 µm in width and 0.74 µm in thickness, with a sheet resistance of 1.26 Ω sq −1 , have been achieved.
The comparison of the features of different printing techniques in printing conductive nanomaterials is shown in Table 1 .
Post-Printing Treatment
To obtain conductive structures, the printed conductive nanomaterial must be subjected to an additional step of sintering, which is called post-printing treatment. In this step, the surfactant will be removed to reduce the electrical barrier. Thus, metal NPs will coalesce to form a continuous electrical conductor and contacts between metal NWs will be melted together to decrease resistance of the printed NW network. Heating the printed patterns to elevated temperatures, so-called thermal sintering, is the conventional method. However, as most patterns are printed on plastic, paper, and elastomer substrates, high temperature required for thermal sintering is not easy to implement. Note that the sintering of CuNPs with conventional thermal sintering leads to fast oxidation. Development of alternative sintering methods focuses mainly on avoiding destruction of the substrates and enabling fast and efficient R2R processing. In this section, we will review the progress of alternative post-printing treatment of metal NP and NW patterns other than thermal sintering.
Alternative Approaches beyond Thermal Sintering
Electrical Sintering
In this method, sintering is realized by applying a voltage over the printed structure, leading to current flow and local Joule heating. The main advantages of electrical sintering include short sintering time (from microseconds to tens of seconds) and reduced substrate heating. [282] 
Plasma Sintering
In general, plasma is an ionized gas that can be generated by applying high energy (e.g., heat, electric current, or EM irradiation) on the desired gaseous species. The excited species like ions, electrons, and neutrals can remove the surfactant from the surface of printed metal NPs. Plasma sintering is performed by exposing printed patterns to low-pressure Ar plasma and electron cyclotron resonance plasma. [283] [284] [285] Occurrence of a skin effect has been observed, which hindered fast and sufficient sintering of the bottom layers of the printed patterns. In order to achieve sufficient sintering, processing time of at least 30 min was required. To decrease the post-printing treatment time, a plasma-assisted inkjet printing, which sintered the inkjet-printed AgNPs on site, was developed with the sintering time down to 1 s. [286] 
Photonic Sintering
Sintering of printed metal nanomaterial inks via EM irradiation ranging from UV to IR is called photonic sintering. Photonic sintering is an ultrafast technology. It has the potential for direct inline processing compatible with fast printing technologies, when multiple flash systems are synchronized or the flash frequency of a single system increases. Frequently reported bands are in the IR, UV, and visible regions, which is called intense pulsed light or photonic flash sintering. A special form of irradiation is laser sintering, where the emission of the laser can be tuned in a narrow wavelength window or even a single wavelength to match the absorption spectrum of the ink formulation. [287] 
Microwave Sintering
Microwave sintering is a volumetric heating, involving conversion of EM energy into thermal energy, which is instantaneous, rapid, and highly efficient.
Sintering by Chemical Agents at Room Temperature
It is an approach to achieve coalescence and sintering of metal nanomaterials at room temperature. Metal nanomaterials undergo a spontaneous coalescence process when they come into contact with oppositely charged polymers [153] or electrolytes (e.g., NaCl, KCl, MgCl 2 , CaCl 2 , and HCl vapor), [288, 289] which enables achieving high conductivity even at room temperature.
This makes possible formation of conductive patterns on heatsensitive plastic substrates or paper substrates. [153, 204, 205, 290, 291] 
Post-Printing Treatment of Metal Nanoparticle Patterns
For electrical sintering of AgNPs, Allen et al. reported a contactless AC sintering method. A significant neck formation and grain size increase of the Ag patterns can be seen after electrical sintering in a very short time of 2 µs, and the electrical conductivity increased to (1.53 ± 0.03) × 10 7 S m −1 . [282] Treatment of AgNP patterns on polyimide substrate with an average height of 4.1 µm, at constant-power (300 W) microwave reactor for 240 s, resulted in metallic tracks with conductivity only 20 times lower than that of bulk Ag. [292] Photonic sintering was identified as the most promising alternative to thermal sintering. As shown in Figure 13a , a high-gloss polished aluminum reflector was installed under the substrate to intensify the IR irradiation due to reflection, [293] Copyright 2015, Royal Society of Chemistry. SEM images of inkjet-printed AgNPs, c) right after inkjet printing and d) after plasma presintering and microwave flash sintering. Reproduced with permission. [295] Copyright 2012, Wiley-VCH. e) Zeta potential of AgNPs in aqueous dispersions and a schematic illustration of two states of AgNPs at various PDAC/Ag ratios. f) SEM images of a printed drop zone with magnified images showing NP arrays after contact with PDAC outside and inside the droplet zone. e,f) Reproduced with permission. [153] Copyright 2010, American Chemical Society.
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and the inkjet-printed Ag patterns can be sintered within 1 s (Figure 13b ). [293] Multiple layers of AgNPs were inkjet printed and IR sintered. Two distinct IR sintering methods, swathe-byswathe and layer-by-layer, were employed to sinter the AgNP patterns to form conductive 3D structures. [294] To sinter inkjet-printed CuNP structures, laser sintering using an IR diode laser beam (808 nm) in a continuous mode was performed. [296] Scanning speed and focal length (distance between a laser focusing lens and the substrate) are two key parameters to determine the sintering results. For example, at low scanning speed, Cu structure was partially or sometimes completely detached from the substrate due to the high power applied and the subsequent excessive thermal stress. Laser sintering can also be used as a tool to fabricate conductive metal grid. [147, 297] After washing away the non-laser-irradiated AgNPs or CuNPs with deionized water shower, transparent conductive Ag and Cu grid patterns were formed.
In addition to a single sintering method, multiple sintering methods are commonly used together to enhance conductivity of the printed Ag patterns. Using photonic and microwave sintering of inkjet-printed AgNP features in sequential order realized a conductivity of 40% of bulk Ag in less than 15 s [298] ; by combination of plasma and microwave sintering (Figure 13c,d) , [295] the inkjet-printed AgNP patterns can reach a conductivity of 60% of bulk Ag. Such high conductivity values would require high thermal sintering temperatures (>450 °C), which are clearly not compatible with polymer substrates. In spite of the exciting progress, microwave sintering of metal NPs is currently limited to small area only because hot spots formed during sintering result in inhomogeneous or overheating of the patterns, thus hampering the control of sintering larger samples. [299] For room-temperature sintering of metal NPs using chemical agents, an approach described by Magdassi et al. involved deposition of a cationic polymer, poly(diallyldimethylammonium chloride) (PDAC), as an additional layer on top of a PAAstabilized AgNP ink. [153] It can be seen that the zeta potential of the original NPs was −47 ± 3 mV, and its negative value decreased with increasing PDAC concentration. At a PDAC/Ag (w/w) ratio of 0.12, the zeta potential reached zero, and precipitation of aggregated NPs occurred (Figure 13e ). The neutralization of charges of the stabilized particles or desorption of the stabilizer was realized at room temperature, and the difference between the sintered NPs within the polycation printed zone and the nonsintered NPs outside this zone was remarkable (Figure 13f ). After the destabilization process, coalescence of the AgNPs occurred, leading to conductivity of 20% of bulk Ag after tuning the concentration of the PDAC solution. The AgNP film can also be treated with NaCl [150] or KCl [300] solution. However, the mechanism of the chemically induced joining of AgNPs by Cl − is somewhat different due to the different surfactants on the surface of the AgNPs. With the increase of the treatment time, Cl − was able to replace the bulky PAA stabilizer causing a loss of steric repulsion between AgNPs, and subsequently caused coalescence of AgNWs. For PVP-coated AgNPs, PVP was detached from the surfaces of AgNPs by Cl − , and AgNPs were joined together through lattice matching or by forming low-angle grain boundaries at the interface.
In additional to the aforementioned mechanism of sintering AgNPs by chemical agents, other mechanisms have also been proposed after investigating the change of the AgNPs on different flexible paper and plastic substrates. [204] Mesoporous silica oxide is frequently used as an ink receiving layer for paper substrates to accelerate the drying process. Silanol groups in the receiving layers increase the hygroscopicity of the substrate to enhance water absorption from air and dissolve the PVP on the surface of AgNPs. The hydrogen bond between a silanol group and the carbonyl group of PVP is strong enough to break the carbonyl-Ag bond and detach the stabilizing ligand from the NP, thus releasing the metallic cores into physical contact.
Post-Printing Treatment of Metal Nanowire Patterns
For AgNWs, the sheet resistance of a AgNW network arises mainly from the contact resistance between NWs. The wirewire junction resistance, which can be as large as 1 GΩ, is due to thin insulating PVP coating on the surface of AgNWs. [301] [302] [303] It is therefore critical to minimize contact resistance between NWs in order to lower the sheet resistance of a NW network. Lowering the contact resistance between NWs requires increasing the metallic contact area between NWs and removing barriers to electron transport. [304] Thermal sintering is a simple technique to weld AgNWs. The sheet resistance of the AgNW network can be decreased from 1000 to 100 Ω sq −1 after thermal sintering at 200 °C for 20 min. [301] The minimum resistance of the AgNW network can be achieved by thermal sintering at ≈255 °C. [305] In addition to thermal sintering, progress has been made to decrease the junction resistance of the AgNW network using other methods. Cui and coworkers electrochemically coated a thin Au film on the AgNW network, as shown in Figure 14a , turning the network of pure AgNWs into a network of goldcoated AgNWs (i.e., Ag-Au alloyed NWs) due to galvanic displacement. This process reduced the junction resistance from 1 GΩ to ≈450 Ω and sheet resistance to less than 100 Ω sq −1 . [303] Moreover, they used mechanical pressure up to 81 GPa, held for 50 s to press the AgNW network. [303] The sheet resistance typically decreased from several hundreds to several tens Ω sq −1 . What's more, the surface roughness decreased from 110 to 47 nm after pressing. It should be noted that mechanical pressing cannot be applied to brittle NWs or substrates. [306] Photonic sintering is a good choice for low-temperature, high-speed, and large-scale sintering of AgNW or CuNW networks. [269, 307, [310] [311] [312] [313] Lee and coworkers reported flash-induced plasmonic welding (FPW) of AgNWs. Localized heat with a self-limited photothermal reaction could be generated at the junctions of NWs, resulting in ultrafast and completely welded AgNWs. The welded AgNWs showed a sheet resistance of ≈5 Ω sq −1 at a high transparency of ≈90% (Figure 14b) . [307] In another example, Jiu and coworkers prepared CuNW/polyurethane (PU) conductors with a sheet resistance of 22.1 Ω sq −1 and a transmittance of 78% using photonic sintering. More importantly, the photonic energy could weld the CuNWs at the junctions, deoxidize the surficial oxides, and enhance the adhesion between CuNWs and PU, resulting in higher electrical conductivity and mechanical stretchability. [314] www.advmattechnol.de Solvent washing with some special solvents or chloride ions was found to remove PVP from the Ag surface. The sheet resistance of AgNW network can be reduced by washing with methanol. [315] The thickness of the PVP layer was reduced from 4 to 0.5 nm with the increasing number of washing from 1 to 5, and the corresponding sheet resistance dropped from 71.1 to 18.9 Ω sq −1 . Most recently, Yoon and Khang introduced roomtemperature welding and sintering of metal nanostructures by capillary condensation. [316] When depositing AgNWs on the substrate, nanoscale gaps or capillaries between NWs were abundant. Upon exposure to oxidizing vapor of H 2 O 2 , condensation occurred preferentially at such nanoscale gaps or capillaries, leading to dissolution and joining of AgNWs altogether. Furthermore, Ren and coworkers introduced capillary forceinduced cold welding of AgNWs. [308] Moisture was applied onto the AgNW film using a humidifier or simply breathing for 1-3 s, and then dried in air for 30-40 s (Figure 14c ). As shown in Figure 14d ,e, the compressive pressure between the two contacts was very high (GPa level) at the very beginning (since the contact area is close to 0) and decreased to ≈10 MPa as the two contacts joined together. At these pressure levels, the AgNWs can be sufficiently welded. Most recently, Duan and coworkers [309] reported a room-temperature direct welding and chemical protection strategy to improve both conductivity and stability of AgNW films (Figure 14f ). By employing a NaBH 4 treatment process, PVP can be completely removed from the AgNW surface; thus, welding junctions can greatly increase conductivity of the AgNW film but have little impact on transmittance (Figure 14g) . Furthermore, the AgNW thin film was decorated with a dense, hydrophobic DT layer, which avoided the moisture diffusion and surface oxidation of the thin film. The stability of the AgNW film can be improved by 150 times compared with that of PVP-wrapped ones.
In addition to the aforementioned methods, AgNW network can also be welded by AgNPs. Using thermal heating, [317] plasmon-induced chemical reaction, [318] or electroplating process, [319] Ag ion was reduced into Ag atom, which can be selectively grown at the junctions of the AgNWs. The [303] Copyright 2010, American Chemical Society. b) Sheet resistances of AgNW transparent conductor subjected to different energy densities of a flash lamp. Inset shows the AgNW/ PET film after the FPW process. Reproduced with permission. [307] Copyright 2017, Wiley-VCH. Room-temperature chemical welding of AgNW network by capillary condensation of H 2 O 2 vapor: c) schematic of moisture treatment for capillary-force-induced cold welding of AgNWs; d) schematic of the capillary interaction between two particles connected with a liquid bridge; and e) SEM image of a relatively large area of AgNWs showing well welded wire-wire junctions and relatively smooth surface caused by the moisture treatment. Scale bar: 1 µm. c-e) Reproduced with permission. [308] Copyright 2017, American Chemical Society. f) Schematic showing the removal of PVP ligand from AgNW film and subsequent decoration with a DT layer to enable direct Ag-Ag contact and complete protection by a dense hydrophobic DT layer. g) Variation of relative sheet resistance and transmittance for the PVP-wrapped AgNW film as a function of NaBH 4 concentration. The treatment duration is 1 s. f,g) Reproduced with permission. [309] Copyright 2018, American Chemical Society.
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A summary of the optoelectronic data of AgNW networks with a detailed description of post-printing treatment process is shown in Table 2 . It should be pointed out that, despite a number of strategies that have been developed to improve the performances of AgNW-based transparent electrodes, combination of different strategies is the trend for making the electrodes to meet the stringent requirements in practical applications.
Applications: Flexible and Stretchable Devices
In this section, we will discuss several applications of conductive nanomaterials, mainly Ag nanomaterials, for printed flexible and stretchable devices. This will include fabrication and properties of TCFs or transparent conductive electrodes (TCEs), which are nowadays essential for many optoelectronic devices, including solar cells, transparent film heaters (TFHs), electroluminescent device, thin film transistors, radio frequency identification (RFID) tags, and wearable sensors. Note: Some of the transmission data may exclude the transmission of substrate.
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Transparent Conductive Electrodes
TCEs that transmit light and conduct electrical current simultaneously, mostly in the visible spectral range, are essential constituents for many optoelectronic devices, which have been extensively investigated in the past decade. [336] The most widely used TCEs are made of indium tin oxide (ITO), which has several major drawbacks such as high cost, expensive manufacturing, and brittleness; brittleness especially constrains their use for flexible optoelectronic devices. [196, [337] [338] [339] TCEs based on nanostructured Ag, including thin Ag films, Ag grids, and AgNW networks, show excellent performances such as high optical transmittance, low sheet resistance, and excellent mechanical flexibility. Much progress has been made to enhance the optical and electrical properties of the Ag-based TCEs, which are fabricated by different printing technologies; examples include inkjet and flexographic printing of Ag grids, [340] inkjet printing, [39] and gravure printing [270] of AgNW network with transmittance of ≈90% and sheet resistance of 10-100 Ω sq −1 . Ink formulation, ink properties, printing resolution, optoelectronic properties, and the applications of AgNW-based TCEs fabricated by various printing techniques are summarized in Table 3 . Ag grid and AgNW network still need to overcome several critical issues: high surface roughness, easy oxidation, and poor adhesion to substrate. [336, 345] Recent progress indicates that printing of hybrid films could possibly provide a solution to these issues. Compared with single nanomaterials, the hybrid nanocomposites have shown improved optical transparency, electrical conductivity, and remarkable mechanical reliability. For example, by changing the Ag grid separation width to 3 mm, the inkjet-printed Ag grid/ITO hybrid electrode showed a sheet resistance of 2.86 Ω sq −1 and an optical transmittance of 74.06%. [346] By changing the concentration of AgNWs in the precursor IZO ink, a one-step gravure-printed IZO/AgNW electrode showed a sheet resistance of 9.3 Ω sq −1 and an optical transmittance of 91%. [272] A high-performance ITO-free TCE was fabricated by combining high-resolution flexographic printed Ag grid with a solution-processed CNT coating. As the CNTs can fill voids between AgNPs and blank space between Ag grids, the Ag grid/CNT hybrid film had a typical sheet resistance of 14.8 Ω sq −1 and a transmittance of 82.6%. [278] Transparent hybrid electrodes were assembled by EHD jet printing Ag grid and brush painting ITO NPs and the Ag grid/ITO hybrid electrode showed a resistivity of 4.2 × 10 −5 Ω cm and transmittance of 83.72% at the optimized Ag grid pitch of 300 µm. [347] PEDOT:PSS/Ag grid hybrid electrodes, fabricated by inkjet printing AgNP ink for Ag grids and then by spin coating PEDOT:PSS on top of the Ag grids, showed a sheet resistance of 12 Ω sq −1 and an optical transmittance of 89%. [348] 
Solar Cells
Among all types of solar cells, organic solar cells (OSCs) and perovskite solar cells (PSCs) are particularly suited for deposition using printing technologies. Printable TCEs based on both AgNPs [276, [349] [350] [351] and AgNWs [216, 217, 233, 248, 342, 344] have been widely employed as transparent electrodes for solar cells.
Kopola et al. [349] demonstrated the aerosol jet printing Ag grid with linewidth less than 60 µm as the electrode for OSCs. The printed Ag grid dimensions and conductivity could be easily controlled and optimized by the printing speed, chunk temperature, and number of printing passes. Polino et al. [350] reported inkjet printing and photonic flash sintering of AgNPs as the back electrode for OSCs. The inkjet printing process and fast sintering time (10 ms) presented great potential for R2R upscalable solar cell manufacturing. AgNW transparent electrode with a sheet resistance of 20 Ω sq −1 and an optical transmittance of 80% using EHD spray coating was fabricated on PET substrate. The flexible OSCs fabricated on the Ag NW/PET electrode showed a relatively high power conversion efficiency (PCE) of 3.76% after 500 bending cycles. [233] Ma and coworkers [216] demonstrated a direct inkjet-printed transparent AgNW network as the top electrode for OSCs. Sheet resistance and transparency of the printed AgNW patterns could be easily adjusted by the number of printing passes. Solvents of the AgNW ink had great influence on the device performance. Recently, the same group also inkjet printed AgNW network for semitransparent PSCs. By inserting a thin layer of polyethylenimine between AgNW network and electron accept layer, the charge injection barrier and chemical corrosion of AgNW electrode can be effectively suppressed. [342] In addition to the transparent electrodes fabricated by different printing technologies, all-printed solar cells have been realized by inkjet printing. [217, 351, 352] The all-inkjet-printed OSCs were fabricated with an average PCE of 2% with AgNP film as the top electrode and PEDOT:PSS as the bottom electrode, [351] and with a PCE of 4.3% with AgNW network as both top and bottom electrodes. [217] Thus, inkjet printing allows for a lowcost, fully integrated manufacturing of solar cells.
For the mass production of OSCs and PSCs, screen printing and slot die coating have exhibited promising prospects. [353, 354] Krebs and coworkers demonstrated the "flextrode" electrode, as shown in Figure 15a , which was based on a fully R2R produced stack of flexographic printing of the honeycomb Ag grid, rotary screen printing of PEDOT:PSS, and slot die coating of ZnO nanoparticle ink for OSCs. [276] Moreover, the common speed of 10 m min −1 for each process was chosen to enable inline processing of several printing steps in one print run. The fully R2R-processed solar cells and modules ( Figure 15b ) were successfully manufactured leading to PCE of more than 1.8% on single cells and fill factors of more than 60%. Modules could be manufactured with more than 1.6% PCE on the active area. Improvements have been reported to overcome the drawback of the honeycomb Ag grid (e.g., by developing a +5°/−5° slanted comb structure). [277] The R2R manufacturing of OSCs based on the slanted comb structure is shown in Figure 15c -h. A solar park based on the OSCs with a platform capacity of 1000 m 2 consisting of four tilted rows of 250 m 2 (100 m long × 2.5 m high) is presented in Figure 15i . Recently, R2R rotary screen printing of AgNW/ZnO hybrid semitransparent electrode for OSCs has been demonstrated. [344, 355] AgNWs and ZnO were also printed in a single printing step. ZnO was introduced to reduce the rate of oxidation of AgNWs. The stability of the devices was tested-it was shown that replacing the PEDOT:PSS as the front electrode with AgNW/AZO electrode increased operational stability by up to 1000%. [233] AgNWs
AgNWs in IPA -80% 20 Ω sq
Top electrode for solar cells Aerosol jet [241] AgNWs AgNWs in water 50.9 µm 72.3% 57.68 Ω sq −1 -Slot die [247] AgNWs -η = 20 mPa s at sheer rate of 1 s −1
Electrode for flexible touch screen panels Slot die [343] AgNWs 8 wt% in mixture of IPA and water 86% 28Ω sq
Resistive touch panel Slot die [248] AgNWs 0.85 mg mL −1 in EG IPA (volume ratio = 0.02:0.98) η = 7 mPa s at sheer rate of 100 s −1
Electrode for organic solar cells Slot die [250] PEDOT:PSS/ AgNWs By fixing slot die head on a 3D printer, Vak and coworkers developed PSCs with PCE of 11%. Moreover, they scaled up the PSCs to modules with active area of 47.3 cm 2 and PCE of 4.57%. [125] They [356] also investigated electrodes based on R2R slot die coated AgNW/PEDOT:PSS as an alternative to ITO for PSCs. The slot die coated electrodes showed excellent transmittance and sheet resistance, resulting in PSCs with a PCE of 11%. Furthermore, preliminary bending tests showed negligible change in efficiency after 10 000 bends in compression to a 5 mm radius. Recently, a module with PCE of 10% on an active area of 168 cm 2 using slot die coating in combination with laser patterning was reported. The processing steps were carried out at temperatures below 120 °C compatible with flexible substrate and R2R process. [357] 
Transparent Film Heaters
Transparent film heater is a TCF that can be heated by current. Recently, great attention has been devoted to flexible TFHs due to the emergence of applications in defrosting or defogging vehicle windows and outdoor panel displays. [358, 359] A highly transparent and flexible conductive film heater based on a hybrid structure of hot pressing transfer graphene and EHD-printed Ag grid was reported (Figure 16a) . [360] The steady-state temperature of the Ag grid/graphene heaters increased from 30 to 145 °C with decreases in the pitch from 750 to 150 µm (Figure 16b) . Moreover, graphene helped spreading heat from the center of the Ag grid to achieve a narrow temperature distribution. EHD printing has been demonstrated to produce 3D heaters by fabricating a periodic mesh (7 µm width and 100 µm pitch) on convex lens glass with transmittance of 83.5%. [361] The achieved sheet resistance was below 1.5 Ω sq −1 and the temperature was up to 105 °C. In addition to inkjet-printed Ag patterns with a homogeneous profile, a gradient film can be printed by controlling the density of AgNWs per unit area with different printing layers. [341] As shown in Figure 16c -e, by varying the inkjet-printed AgNW density of the gradient heater with different number of printing passes, a large temperature gradient up to 10 °C cm −1 can be obtained. The advantage of such a film heater is temperature control, making it potentially a heating component in microfluidic devices. Our group's EHD-printed AgNW patterns showed excellent heating performance. [43] As shown in Figure 16f , several consecutive IR images were captured during an ON-OFF cycle. During the ON stage, a uniform temperature distribution was observed around the AgNW pattern. Figure 16g shows the time-dependent temperature profile of the heater at different voltages. The maximum temperature obtained was ≈160 °C at the voltage of 25 V, with the maximum heating rate and cooling rate of 21 and 29 °C s −1 , respectively.
Thin Film Transistors
TFTs are mainly composed of three electrodes (i.e., source, drain, and gate electrodes), semiconductor channel, and gate dielectric. Typically, the semiconductor channel is placed between source/drain electrodes and the gate dielectric is located between the gate electrode and the semiconductor channel. Development of printed TFTs and circuits with high-resolution printing technology is important for printed devices. [362] AgNP and AgNW inks are frequently printed as source, drain, and gate electrodes; CNTs, graphene, organic semiconductive materials, and metal oxide semiconductors are main choice for printable semiconductor channel; organic dielectric materials, metal oxide dielectric materials, and electrolytes are three good candidates for printable gate dielectric. Efforts have been made to fabricate all-printed TFTs. AgNP and AgNW inks are frequently printed as source, drain, and gate electrodes. For example, a polymer field-effect transistor fabricated by gravure printing was reported. [363] Four different layers including an active polymer P3HT as semiconductor channel, two insulator layers, and an Ag ink top gate were sequentially 
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printed on flexible polyethersulfone substrate by gravure printing. The device showed mobility of 0.04 cm 2 V −1 s −1 with the on/off ratio >10 4 . Javey and coworkers demonstrated fully printed, top-gated TFTs based on 99% semiconductor-enriched CNTs by using a scalable inverse gravure printing process with overlay printing registration accuracy of ±10 µm. [129] The semiconductor channel was deposited by immersing PET substrate in SWNT solution. Then, AgNP ink, barium titanate NP ink, and AgNP ink were gravure printed layer by layer to form the source/drain electrode, barium titanyl oxalate gate dielectric, and gate electrode, respectively. The TFT devices exhibited excellent mobility up to 9 cm 2 V −1 s −1 , operation stability, and uniformity.
By embedding the screen-printed AgNW network below the surface of polyurethane acrylate as stretchable source/ drain electrodes (Figure 17a) , a fully printed and wearable 10 × 6 TFT array was developed with a yield of 91.7% and an average mobility of 33.8 ± 3.7 cm 2 V −1 s −1 . [19] The mobility of the TFT array remained highly stable during 1000 deformation cycles, revealing good wearability of the fully printed TFT [341] Copyright 2015, Royal Society of Chemistry. f) IR images of an EHD-printed AgNW heater. Scale bar: 5 mm. g) Temperature vs time for the AgNW heater. f,g) Reproduced with permission. [43] Copyright 2018, Royal Society of Chemistry.
www.advmattechnol.de array (Figure 17b) . These results present a promising approach to realizing stretchable/wearable electronics through a full printing process.
Ferrari and coworkers inkjet printed graphene as a semiconductor channel for TFTs. Due to the absence of a bandgap in graphene, the on/off ratio of the printed TFT was typically limited to 10, which was much lower than that of organic TFTs (>10 5 ). To solve this problem, polymer PQT-12 was printed on top of graphene and as a result the on/off ratio increased to 4 × 10 5 . [36] Coleman and coworkers have developed all-printed TFTs using networks of liquid-exfoliated 2D nanosheets. [41] As shown in Figure 17c [19] Copyright 2016, Wiley-VCH. c) Photographs of the printing steps for the all-printed TFTs. d) A flexible array of printed TFTs. e) Transfer curves of a printed TFT with a WSe 2 active channel after cycling the gate voltage 1, 10, 25, and 50 times. c-e) Reproduced with permission. [41] Copyright 2017, American Association for the Advancement of Science. f) Schematic diagram showing the structure of a fully screen-printed flexible AMECD. g) Functionality test of a smart pixel configured by a TFT and an electrochromic cell, suggesting the control capability of the TFT in turning the pixel on and off. f,g) Reproduced with permission. [364] Copyright 2016, American Chemical Society.
www.advmattechnol.de drain electrodes and WSe 2 as semiconductor channel were first inkjet printed; then a BN porous nanosheet network was sprayed on top of the semiconductor channel as gate dielectric, followed by an inkjet-printed graphene top gate electrode. This all-printed TFT performed reasonably well with the on/off ratio >25 and transconductance (g m ) of 22 µs (Figure 17e) .
As discussed earlier, aerosol jet printing is a good choice to fabricate CNT-based transistor. Large-area, printed electronics using aerosol jet printing of CNTs with ultrahigh capacitance ion-gel gate dielectrics (≈10 µF cm −2 ) enabling sub −3 V operation logic gates and five-stage ring oscillators with operating frequencies up to 5 kHz was reported by Frisbie and coworkers. [365] Later, the same group reported a substantial increase in oscillation frequency up to 22 kHz and an order of magnitude smaller stage delay of 5 µs with a reduction in channel length, parasitic capacitances, and by reducing the ion-gel thickness. [366] Recently, hysteresis-free CNT-TFTs were fabricated entirely using an aerosol jet printing technique with AgNP ink for source/drain and gate electrodes, SWNT ink for semiconductor channel, and xdi-dcs (a blend of poly(vinyl phenol)/poly(methyl silsesquioxane)) for gate dielectric. [367] Using EHD-printed AgNW lines as source/drain electrodes, organic TFT was fabricated on SiO 2 /Si substrate. [232] 
Electroluminescent Devices
Electroluminescence (EL) is an optical and electrical phenomenon in which a material emits light in response to an electric current or to an electric field. EL devices are composed of a semiconductor layer placed between two electrodes. AgNPs and AgNWs by R2R printing and coating can be used as electrodes for EL devices. For example, by inkjet printing AgNP ink on top of a four-layer (PET:ITO:ZnS:BaTiO 3 ) EL device, intense emission of light can be realized after applying 10 V between the bottom ITO and the upper Ag electrodes. [153] UV photodetector can also be fabricated by inkjet printing both electrode and lightsensitive material. [215] Water-based AgNW ink was first inkjet printed on PET substrate to form the electrode patterns, and then the other layer of TiO 2 NWs was inkjet printed onto the electrode patterns to fabricate a UV photodetector with >80% optical transmittance. Because of the effective percolations in the AgNW networks, AgNW lines of 50 µm in width showed sheet resistance lower than 100 Ω sq −1 even without thermal sintering. The fabricated photodetectors presented a high on/off ratio of 2000 and also a fairly low dark current of 10 −12 A. Using a specially developed UV-curing chamber mounted on a mini-roll coater, solid-state electrochromic devices can be manufactured continuously using slot die coating and flexographic printing. [368] The bottom-up fabricated devices showed an optical contrast at maximum absorption of 35% and a response time of 25 s (95% of a full switch) at +1/−0.4 V. The technique eliminated the need for a lamination step and enabled a fully additive R2R process.
Zhou and coworkers [364] reported fully screen-printed, large-area, and flexible active-matrix electrochromic displays (AMECDs) by combining TFTs and electrochromic cells. As shown in Figure 17f , the TFT was fabricated by screen printing AgNPs as the electrodes, SWNTs as the semiconductor channel, and barium titanate as the gate dielectric. The electrochromic cells were fabricated by screen printing Ag/electrolyte/ PEDOT:PSS lateral structures. The functionality test of a smart pixel was carried out, as shown in Figure 17g , to demonstrate the control capability of the printed TFTs over the electrochromic cells.
Radio Frequency Identification Tags
RFID tag is a device that provides storing and remote reading of data from items equipped with such tags. Passive tags are battery-free and inductively powered by the antenna, while active RFID tags are powered by batteries and have a longer reading distance. The main elements of a typical RFID tag include a silicon microchip and an antenna. Flexible, foldable, and stretchable antennas, which are fabricated by various printing techniques, have received much recent interest. [369] [370] [371] By inkjet printing AgNP ink on a photopaper substrate, and then pressing and bonding several photopapers together, integrated circuits were formed, which can be used as ultrahighfrequency RFID antennas. [372] By gravure printing AgNP ink on transparent nanopaper substrate, the printed patterns can be used as RFID antenna with good RF response. [373] R2R gravure printing of RFID tags on plastic foils using different NP inks is a promising approach to producing low-cost RFID tags. [374, 375] For example, five different electronic inks-AgNP-based conductive ink for the antenna and electrode, ZnO-based semiconductive ink for the active layer of the diode, Al-based conductive ink for the top electrode of the diode, BaTiO 3 NP-based high-k dielectric ink for the dielectric layer of the capacitor, and epoxybased ink for the insulating layer-were all gravure printed on PET foils at a printing speed of 8 m min −1 . The gravure-printed antenna can provide at least 0.3 W power from the standard 13.56 MHz RFID reader. [375] In a unique, extremely high RF application, terahertz metamaterials were made using EHD printing of AgNP inks on polyimide substrate. [376] [377] [378] The I-shaped Ag electrodes with 10 µm linewidth and 5 µm gap exhibited a refractive index as high as 18.4 at a frequency of 0.48 THz. More recently, closed ring metamolecule resonators have been fabricated by an aerosol jet printing process, which can be used as 2D terahertz metamaterials. [117] The linewidth of the printed ring was down to 10 µm.
Wearable Sensors
Wearable sensors are used to gather physiological and movement data, thus enabling health and activity monitoring of individuals. [379] [380] [381] [382] [383] Stretchable electronic devices show promising potentials to be applied on the human body as wearable devices.
Inkjet printing and screen printing are often used to fabricate conductive electrodes for wearable sensors either by directly depositing conductive inks on/into elastomeric substrates [384] [385] [386] [387] [388] or by depositing on other substrates first and then transferring onto elastomeric substrates. [44, 218] Hong and coworkers [384] conductor are presented in Figure 18a . The roughened surface provided both good adhesion and uniform distribution of film stress for the Ag line when tensile strain was applied. Another layer of PDMS was coated on top of the printed AgNP line to further improve the electromechanical stability. The printed Ag electrodes showed good and stable stretching performance even at very fast strain speed of 1 mm s −1 , having resistance change less than two times of the initial resistance under 20% tensile strain (Figure 18b ). The same group [389] also inkjet printed SWNT thin films on a stretchable PDMS substrate, followed by post-printing treatment with nitric acid. The printed stretchable conductor maintained its conductive properties under 100% strain. Song and coworkers [388] reported fabrication of transparent multilayer circuits by directly inkjet printing AgNP ink into liquid viscous PDMS film (Figure 18c ). The spreading of the ink droplets was inhibited due to the encapsulation of the ink by the viscous substrate. Conductive Ag lines with 1.6 µm width and 1.7 aspect ratio were fabricated. As the Ag cables were encapsulated by the PDMS matrix, the embedded circuits could be bended reversely for 3000 times without apparent resistance increase (Figure 18d) . Recently, an electronic tattoo with on-board microelectronic chips for visual display and power regulation was developed. [44] AgNP ink was first inkjet printed on the tattoo paper, and then "roomtemperature sintering" was performed with eutectic galliumindium (EGaIn), which could mix with the inkjet-printed Ag patterns to form thin, highly conductive, and mechanically robust semisolid circuit traces. With the EGaIn coating, the traces exhibited a 10 6 × increase in electrical conductivity and maintained low trace resistance under bending or stretching to 80% strain (Figure 18e) . Finally, the circuit traces can be released from the tattoo paper and transferred to 3D surfaces or human skin (Figure 18f ). All inkjet-printed graphene-based wearable e-textiles were also realized. [390] Hydroxyl-functionalized cross-linked styrene/divinylbenzene NPs were first inkjet printed on a porous textile substrate to act as a receptor layer for water-based RGO inks. Then RGO inks were inkjet printed on top of the receptor layer. The resultant conductive tracks [388] Copyright 2016, Wiley-VCH. e) Electrical conductivity and maximum failure strain of AgNP coating prior and after EGaIn deposition. f) An electronic tattoo on human skin with an integrated LED on finger print; inset: LED is off. e,f) Reproduced with permission. [44] Copyright 2018, Wiley-VCH. g) EHD-printed AgNW dry ECG electrodes mounted on chest. Inset: Magnified image of the electrode showing the fractal pattern that can enhance areal coverage and stretchability. Scale bar: 5 mm. h) ECG signals collected from the AgNW dry ECG electrode and a commercial wet electrode for the purpose of comparison. g,h) Reproduced with permission. [43] Copyright 2018, Royal Society of Chemistry. i) Schematic illustration of the washable electronic textile with an array of CNT electrodes by screen printing. j) Short-circuit current (I sc ) and open-circuit voltage (V oc ) of the washable electronic textile with different frequencies. k) Pressure sensitivity of the washable electronic textile. i-k) Reproduced with permission. [393] Copyright 2016, American Chemical Society.
www.advmattechnol.de were used in wearable power delivery systems and noninvasive heart monitoring. Our group has demonstrated a AgNW-based dry electrocardiography (ECG) electrode by EHD printing of AgNWs in a fractal pattern of Greece Cross onto 300 µm thick PDMS substrate (Figure 18g) . [43] The ECG signal captured from the printed AgNW dry electrode showed excellent performance when compared to that obtained from the commercial wet electrode (Figure 18h ). Since the printed AgNW electrodes are "dry" (i.e., without the electrolytic gel that can cause skin irritation under long-term wearing), they are suitable for longterm ECG monitoring. [391, 392] Recently, a screen-printed washable electronic textile as the self-powered touch triboelectric sensor for human-machine interface system has been developed. As shown in Figure 18i , the screen-printed CNT layer, which was used as electrodes, was sandwiched by two dielectric layers of silk fabric and nylon. The high sensitivity of the sensor (Figure 18j,k) was attributed to the rough surface constituted of numerous microfibers of textile and CNTs. [393] 
Summary and Outlook
Flexible and stretchable electronics represent a transformative technology with enormous potential for a wide array of fields, including healthcare, energy, and defense. [394, 395] The transformational nature of flexible and stretchable electronics will only be realized through new materials development and advances in manufacturing. A number of recent excellent reviews have covered the aspect of materials development. [167, [396] [397] [398] [399] [400] The aim of this review is, on the other hand, to cover recent advances in manufacturing, in particular printing, pertinent to flexible and stretchable electronics. In this article, we have reviewed the key factors that enable the printing of nanomaterials for flexible and stretchable electronics-different printing techniques for printed electronics, the synthesis of metal-based and carbon nanomaterials, the formulation of corresponding functional inks to cater to printing technologies, the development of various post-printing treatment methods to avoid destruction of substrates, and the applications of conductive nanomaterials for printable flexible and stretchable electronic devices.
Despite inspiring advances, there still remain considerable challenges. The scalable synthesis of printable conductive nanomaterials can contribute significantly to the development of flexible and stretchable electronics. For metal nanomaterials, fine-tuning synthesis to control the dimensions of the NPs and NWs is desirable; for carbon nanomaterials, for example, synthesizing monolayers of graphene should be optimized. Metal nanomaterials have relatively poor long-term stability, because they often suffer from oxidation and sulfurization under ambient conditions as a result of large specific surface area. It is important to prevent printed patterns from the potential deleterious environmental factors; in other words, encapsulation of the printed patterns becomes important. Some of the new post-printing treatment methods require a rather long treatment time (e.g., 30 min using a chemical vapor), which may become the critical limiting step (e.g., not compatible with R2R printing process).
To further advance printing of nanomaterials for flexible and stretchable electronics, improvements in several areas are in great need. One such area is high-resolution, highthroughput printing. [362] Different printing technologies can handle inks with different rheological properties; however, printing resolution remains a common obstacle especially under high-speed operation. R2R manufacturing is a popular industrial method for high-throughput, mass production. The fully printed or all-printed R2R process is attractive for manufacturing low-cost, large-area flexible and stretchable electronics with high throughput. It should be noted that currently R2R manufacturing is not compatible to some of the printing technologies. Developing R2R-compatible printing and postprinting treatment with a wide range of substrates is key. Creating freestanding electronics in a 3D form or incorporating electronics onto 3D objects (e.g., shape-adaptable 3D flexible electronics) is an interesting direction for flexible and stretchable electronics. [401] [402] [403] [404] [405] [406] Printing conductive nanomaterials will certainly assist the development of new configurations of electronic devices. Textiles naturally represent an attractive substrate for flexible and stretchable electronics. [407] Printing technologies have considerable potential to deposit functional inks on textiles. [408] In addition, the seamless integration of different components of flexible and stretchable electronic devices (e.g., conductors, sensors, transistors, and power sources) is important.
